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VOLATILE ORGANIC COMPOUNDS IN SEAWATER

by

PHILIP N. GSCHWEND

Submitted to the Woods Hole Oceanographic Institution on January 26, 1979,
in partial fulfillment of the requirements for the degree of Doctor of
Philosophy .

ABSTRACT

Vapor phase stripping and solid adsorbent trapping were applied to
seawater and related samples to concentrate volatile organic compounds.
The concentrates were subsequently analyzed by glass capillary gas
chromatography and combined gas chromatography—mass spectrometry . The
compound identities and the spatial and temporal distributions of their
concentrations were used to determine some sources, transformations ,
and transport mechanisms of organic matter in the sea.

Volatile organic compounds were determined in seawater samples from
the Sargasso Sea, the western Equatorial Atlantic , and the upwelling
region off Peru. Pentadecane was present in all three areas in surface
samples at 10—40 ng/kg and decreased to 1—2 ng/kg in the deep water .
A source related to the transformation of the algal fatty acId , hexadecancic
acid , by zooplankton Is proposed aipce anthropogenic and direct phyto—
plankton sources are unlikely. C2—alkylated benzenes were found In the
upwelled water off Peru at about 4 ng/kg in the surface (5 and 20m),
3 ng/kg below the thermocline (lOOm), and 2 ng/kg or less in deeper water.
fi~ su~~ace or atmospheric source is required to produce this distribution.
C6—C 16 aldehydes were also found in seawater from off Peru. The direct
correlation of their concentrations with chlorophyll a and with oxygen
indicated that they are derived from chemical oxidation of algal metabolites ,
for example, unsaturated fatty acids. Total volatiles in the oligotrophic
Sargasso Sea were about 10—30 ngfkg while the biologically productive
upvelling region off Peru contained up to 100 ng/kg.

The temporal variations of volatile organic compound concentrations
were investigated in coastal seawater from Vineyard Sound , Massachusetts.
Pentadecane and heptadecane showed large summertime concentration increases
which were ascribed to benthic algal sources. Laboratory incubatlons of
benthic algal samplesT supported this conclusion. The saturated hydro-
carbons, from C13—C17, and alkylated benzenes and naphthalenes were a-U
abundant after an oil spill several miles from the sampling site . C2- and C3-
benzenes were the most persistently abundant volatile compounds and their

I
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c O f l e t f l t  r a t  ions  wer e  observed to  be 2—10 t imes h i g h er  than aver:ige I rnrnt’d i —

at e l y  a f ter  summer weekends , peak pe r iods  of t o u r is t  and r ecr e at  looxi l
a c t i v i t i e s  on Cape Cod.  Naphthalene and its homologues were more ab u n d a n t
in the w i n t e r  t han  in the  summer.  C6—C 10 aldehydes were observed yea r—
round , bu t  showed a concentration maximum at the time of the late—winter
phy top lankton  bloom. C12.-C15 aldehydes were also found In abundance at
tha t time . Oxidation of algal matter by zooplankton or phot-ochemically—
produced oxidizing agents may produce the aldehydes , since laboratory
cultures of phytoplankton did not produce these oxygenated volatiles. An
alkene , structurally similar to the known benthic algal gamone , fucoser—
raten , was also found in Vineyard Sound seawater and in the upwelling
region off Peru. Its appearance in Vineyard Sound samples coincided with
the period of expec ted algal reproduc tive ac tivity in February and March.
Dimethyl polysulfides were found in coastal seawater . They may be
produced wi thin the wa ter from prec ursors s uch as methyl mercap tan or other
known polysulfide metabolites. Total volatile concentrations in Vineyard
Sound seawa ter varied between 200 and 500 ng/kg for the period from
January to June . Maximum concentrations occurred during the l a t e — w i n t e r
phytop lankton bloom and again in the spring from anthropogenic lnp~ t~ III
hydrocarbons.

The highest concentrations of C2— and C3—benzenes found in Vineyard Sou n d
seawater coincided with motorboat use in the immediate vicinity of the
sampling station. The average year—round isomer distribution most closely
resembled distributions from gasoline and auto exhaust dissolved in sea-
water , consistent with an Inboard or inboard/outboard motorboat source.
Atmospheric and runoff delivery of C2— and C3—benzenes to Vineyard Soundseawater during the period from spring through fall was concluded to he
of lesser importance. The atmosphere may serve as a buffer for seawater
concentrations of the aromatic compounds , supporting low concentrations in
the winter and limiting high concentrations in the summer.

Thesis Supervisors: Oliver C. Zafiriou Robert B. Gagosian
Associate Scientist Associate Scientist
Department of Chemistry Department of Chemistry
Woods Hole Oceanographic Woods Hole Oceanographic

Institution Institution
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CHAPTER 1. INTRODUCTION

“No specific organic substances , defined as to their structures and molecu-
lar formulas, have been Identified with absolute certainty In seawater.. . . “

E. K. Duursma , 1961

In order to understand the orig ins , interactions , transport , and fa tes

of organic matter in the sea, it is usefu l  to identif y the spec i f ic  organic

compounds involved (Anderson, 1977). Moreover , it is important to measure

the spatio—temporal variations of the concentrations of these compounds.

LeSS than twenty years ago, leaders in the field of marine chemistry

lamented at our inability to study specific organic compounds in seawater.

Now, due to tremendous technological advances , this can be done . This has

allowed three important advantages. First, by focus ing on defined organic

subs tances , our knowledge of the basic organic chemistry and biochemistry of these

compounds may be utilized to understand their roles in the environment. Second , the

accuracy and precision of the analyses of specific compounds may be inves-

tigated. This provides a necessary background on which to interpret the

data. Finally , laboratory simulations of environmental processes may be

studied for their effects on specific organic compounds.

This thesis describes studies concerning a group of volatile organic

compounds in seawater. This introductory chapter defines the fraction of

the total volatiles to be discussed , provides background information from

other volatile—compound studies in seawater , describes what is known about

various sources of specific volatile compounds, and offers historical per-

spective on the analytical methods. The next chapter reports the results of

investigations on the spatial distributions of volatile organic compounds in

three different open—ocean regions. Then, a seasonal study of volatile organic

compounds in coastal seawater is described . Having this temporal study as

— 13—
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background , the next  two c h a p t e r s  r ep o r t  Inv e s t i g a t i o n s  i n to  th€ sour  es ot

some anthropogenic and some natural volatile compounds.

These studies have provided insIg ht into several aspects of marine

organic chemistry . First , organic compounds and their concentrations in st-~~—

wa ter have been determ ined , a l l owing specu la t ions concer ning the i r chem ical ,

biochemical , and photochemical transformations . Nexr , add itional insight

into the quantity and lability of the volatile fraction has been obtained

and can be put into the context of the larger carbon cycle. Also , informa—

tion per tinen t to the feasibility of proposed transport mechanisms , for

example , from land via the atmosphere to the sea , has been acquired. Evi-

dence for chemical signals from marine organisms has been obtained and sup-

gests the strength and timing of these signals. Finally, data describing

“Man ’s infr ingemen t” on the sea have been procured and reveal not only the

presence of an thropogeni c vola tile compo unds , but have also suggested their

mode of in troduc tion , their longevity , and their potential for biolog ’ r~a1

interference .

Definition of Volatiles

The volatile fraction which is the subject of this thesis is described

by an operational definition . Three criteria are used to limit this frac-

tion . First , a compound mus t be ‘stripable”, that is , it must be of suf-

ficiently low water solubility and high vapor pressure to be purged from

the seawater sample by bubbling with an inert gas. Next, the component must

be retained at room temperature by a solid adsorbent such as charcoal or

Tenax. Lastly, the volatile must be amenable to gas chromatographic analy-

sis. It must be separable from interfering low bolling compounds , it must

be thermally stable within the gas chromatograph , and it must be detectable

with the flame ionization detector .
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Potentially, this fraction includes many norma l , branched ,and cyclic

alkanes , alkenes, aromatics , aldehydes , ketones , esters , ethers , halogenated

hydr ocarbons , and rhioe thers. Consequently, o t i  wo uld  expec t a d iverse

group of organic compounds to be 1n luded. This dive rsity holds substantiai

Information concerning sources , transformations ,and sinks of the specific

compounds, as well as of the more general organic fraction . This fraction

does not Include erganic conpounds ~~ boiling point lower than about 100°C

or of water solubility greater than about 1 gm/kg (
~ 0.01 M). Therefore ,

this fraction is a subset of the total volatile fraction.

Estimates of the Size of the ‘l otal Volati le Fraction

Motivated by the desire to measure accurately the dissolved organic

carbon (DO C) in seawa ter , a few workers have attempted to estimate the size

of the total volatile fraction . Duursma (1961) reported that less than iON

of the DOC, or about 0.1 mg/kg, was volatile. This conclusion was based on

an experiment in which he used acetic acid as a model volatile compound .

Vityuk (reported in Skopthtsev, 1966) also attempted to measure the

total volatile fraction . He dried one set of seawater samples at 60°C for

routine dry—combustion analysis and a parallel set at room temperature with

a dessicant. He found an average 18% lower value for the 60°C dried samples,

indicating that the volatiles make up 15% of the DOC (or about 0.3 mg/kg)*.

However , If some of the organic matter autoxidizes during evaporation of the

seawater , more oxidation will certainly occur at the elevated temperature.

This would also reduce the DOC values of samples dried at 60°C relative to

* Russian workers , using dry-combustion methods, typically find 2 mgc /kg
seawater , about twice the value found by Canadian and American investiga-
tors , who rely chiefly on wet-combustion analyses.

~i~i_ii :-~:~ ~~~~ ~~~~~~~~~~~~~ 

- - - - -  _________



—16—

those at room temperature . On the other hand , many volatiles will be lost

even with evaporation at room temperature, and , therefore , comparison to this

sample may underes t imate  the vola t i le  f rac t ion  of the DOC . Thus , i t  is

difficult to judge the accuracy of Vityuk’s result.

Armstrong and Boalch (1960) measured the DV absorption of several sea-

water distillates. They found an absorbance maximum (10 cm cell) of 0.17 at

210 nm ’. Assuming a fairly high extinction coefficient of 10 ,000 , a con-

centration of distilled absorbing material of 2 x 10
6
M or approx imatel-i

200 pg/kg (for MW 100) can be calculated . Returning this to the original

seawater (1/10 distilled over), the figure reduces to 20 pg/kg . The au-

thors made DOC determinations on the distillates obtained from seawater with

excess NaOH added and found 20—50 ugC/kg seawater. They also reported the

presence of sulfur in the distillates at approximately 1—4 ~igS/kg seawater.

These data tell us little about volatiles undetected by DV absorbance (must

be less than Ca. 50 ~i gC/kg seawater), and unfortunately the UV method will

include those compounds which codistill with water but are not “str ipable .”

Recen t work by MacK innon (pers. comtn .) has shown that on the order of 1—10

pgC/kg seawa ter may be purged with prolonged bubbling from seawater (at 60°C)

and trapped on Tenax. This volatile fraction estimate is based on procedures

most closely resembling those of this thesis. Therefore, this is the most

relevant estimate of the volatile fraction which is the subject of this

thesis.

Qualitative Information on the Volatile Fraction in Seawater

There is very little information available concerning the structures

of volatile compounds occurring in seawater.

Ciger (1977) has recently reviewed “the inventory of organic gases and

vola ttles” in the marine environment. He notes that methane is the only

~ 
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volatile which has been studied in sufficient detail for us to  have dete r -

mined the major aspects of its marine geochemistry .

Numerous reports have been made concerning the occurrence of C 1 
to C4

hy drocarbons in seawater (Liitnenbom and Swinnerton , 1970; Frank et al. , 1970;

Limontagne et al., 1971; Brooks et al., 1973; Brooks and Sackett , 1973 ;

Swinnerton and Lamontagne , 1974; Lamontagne et al., 1974; Lamontagne et al .,

1976; Scranton , 1977). Methane typically occurs at about 30 ng/kg seawater

( 2 . 2  nM ) ,  ethane at 0.6 mg/kg (0.02 nN), and propane at 0.6 ng/kg (0.014 nM).

Even lower levels of ethene , propene , butane , isobutane , butene and pentane

are found . Methane and ethene have biological sources; all of the saturated

lower hydrocarbons have petroleum—related sources; and the unsaturated com-

pounds may arise from photochemical processec.

Some e f f o r t has been made to study the volatile halogenated hydrocar-

bons in seawater due to interest in their anthropogenic origin . Volatile

chlorinated and fluorinated hydrocarbons are produced industrially at about

35 ,000 MT/y r. and about 4000 MT/yr are used in directly dispersed manners

(NAS , 1975~ ). Table 1—1 lists the compounds reported , the concentrations

found , the suspected source(s) and the location of the samples. Only tet—

rachioroethylene (C1 2C=CC12) and hexachlorobutadiene (C12C CC1—CC1=CC1
2)

would be amenable to detection by the methods used in this thesis (but not

particularly so since a flame ionization detector is used).

Volatile organic sulfur compounds such as carbon disulfide (Lovelock ,

1974) and dimethyl sulfide (Lovelock et al., 1972) have also been isolated

from seawater samples. Carbon disulfide occurred at about 0.5 mg/kg while

ditnethyl sulfide was found at about 12 mg/kg. Biological sources for

these materials are suspected.

Most recently, Sauer et al. (1978) have reported the concentrations of

the volatile liquid hydrocarbons in seawater from the Gulf of Mexico.

- ~~~~~~~~~~~~~~~~~~~~~~~~ 
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Table 1—1. Halogenated volatile organic compounds, their concentrations
(ng/kg) in seawater samples, and their suspected sources.

• 
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~ e~~~.’ ut c  r
concentration samp le sIisrc c~ &-d

co~~p9~~nd (~nj k~~~__ location SO i I r (  0 
-

CH 3C1 20 coas t a l  i ndu st  r i & 1 or rxn  fro:T

CH 3Br 8 coas t a l  rxn f r o m  CH
3 I

CH 3I 12 coastal  b e i t t h  i c al gao

Cl-id 3 
8 NE At lant ic  in d u s t r i al  sewage t r e a t m e n t

CC1
2
F
2 

traces aerosol d ispensers, r e f r igerants

CC1
3
F 0.05 N & S Atlantic aerosol dispensers, r e f r igeran ts

Cd 4 
0. 14 NE Atlantic biological or industrial

250 Liverpool Bay

0.4 N & S Atlantic

CHC1=CCI
2 

7 NE Atlantic industrial solvent, dry cleaning
pain t  s t r i p p i n g

300 Liverpool Bay

cci 2=cci2 0.5 NE Atlantic industrial solvent, dry cleaning
paint  s t r i p p i n g ,  fumigant

120 Liverpool Bay

CC13CH 3 
250 Liverpool Bay i ndus t r i a l  solvent or fumigant

CC1
2
=CC1—CC1=CC12 

4 Liverpool Bay industrial (PVC)

references: Lovelock et al., 1973; Lovelock, 1975; Pearson and McConnell , 1975;
Su , 1976; Giger , 1977.
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They otind total n — : i l K i n ~-s (C~ -C i, ) 11 ~—5 0 n g/k g - m d  tot -i l m r oml t I cs

(C 6—c~) m r  20— -’~50 n g / kg .  P e t r o l e u m  r e la ted  sources  were s u g g e s te d  r or

t h u se c ompounds ms t h e y  - or r e l a t e  w I t h  t Im e  a n t h r o p o g e n i c  C 1 md C 2 h v d r o—

carbons.

~~E’ can th rive some lessons from the little that is known regardirt c~

v o l a t i l e  o r g a n i c  :ompounds in seawater .  F i r s t , we now know tha t  many

vo l - iti les which are  found in seawater have t e r r e s t r ia l  sources and must

arrive at the ocean via the atmosphere . Next , society ’s use and handling

of fossil fuels is responsible for large inputs of volatiles to the sea.

Biologicai and photochemical processes are thought to produce some vola—

tiles in seawater. Finally,  individual concentration levels are typi-

cally in the mg/kg range for the open ocean and higher in coastal zones.

However , most of the above insight has been acquired for volatiles

which are not the subject of this thesis . Most of the vol atile fraction dis-

cussed in this thesis has not been reported in seawater due to the ab—

sermce of suitable techniques and equipment. This technology became

available only recently (e.g., Zlatkis etal ., 1973;Crob , 1973) .

Sources for Volatile Organic Compounds Amenable to Study in this Worl<

Marine Algae

Ever since Haas (1935) demonstrated the presence of methyl mercap—

tan (CH
3
SH) in Polysiphonia spp., workers have found other volatile

organic compounds in numerous marine algae. Armstrong and Boalch (1960)

demonstrated the liberation of large quantities of volatile materials

Into cul ture media by algae. In another early study , Cook et al. (1951)

found that a volatile compound was responsib le for sperm attraction to

the eggs of Fucus spp .

~~~~~~ ~~~~~~~~ 
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- ow ev - r , i t  has bee n on l y recentl y t h a t  spe~-ific compound c h - t r n ~~--

!erj zati o~~ h ive been accomp l ished (Fenlcal , 1975; Crews , 1 9 7 7 ;  Moore ,

L~~77) . M~~ 1 .t and 1 onm icke (1973) identified the Fucus at t  r ;o -t a n t  as r a n .~

c i s — 1  , ~~. S—o ct -mt r ien e . ( r  , f i - - c - o~~r - i t en)  . Hi -se  ~~rkers have also found similar

mc -: ~t s  f r o m  g ct o c o r J ’ i~ s o .  ( T I , ec tocarpen) (Mi~ller et al., 1971) and from

Cut li - n a j i t  i t id (ITT , m u l t i f i d e n )  (-Jaenicke  et m l .  , 1974) . In the  p r n i- ~~

s~ - - - r m  ot h~ r ~nsaturat ed cyclic compounds were alEo found.

Ectocarpen was found to make up 0.06% of the dry weight  of the algal

gametophyte material .

Moore and his coworkers (1974) have discovered a new group of C11
compounds which they have termed the “dictyopterenes.” These include

unsaturated straight chain and cyclopropyl compounds.

/NY
~~~~~~&~~~

Fenical  et al .  (1972)  have found a cadinene—type sesquiterpene in the

brown seaweed , Dicty~~~teris zonarloides. This compound made up 0.04%

o f the dry weight of the alga. ~3L
Moore and Yost (1973) have also found dihydrotropones in the Dic—

tyopteris algae. 
~~~~~~~~~~~~~~~~~~~~~

Thus, i t  can be expected that oxygenated volatiles occur in marine

plants. Katayama (1958 , 1961 , 1962) using harsh steam-distillation

techniques has reported the occurrence of oxygenated volat i les  in a Va—
o I c

~
r iety  of seaweeds. His Inventory  includes f u r f u r a l  C 

~
J.’ ), methy l

f u r f u r a l  ( “ ~°~y~’
), v a le r al de hv d e  ( /\/‘s

~ ), beuzaldehyde ( ),

I , 8-cineol (—
~
3-.- ( ), l inalool  ( ) , geraniol (~ ‘stk

1P ’I~~ ) and

p—cresol ( ~~~~~ He reports  the presence of p—cymene ( -
~J-< ),

—s - 
~~

- 
~~~~ • ,9~~.% ,.~~~ 

-
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aip ha—p inene C ) , and l imonene ( -._-[J
~
--< ) I n  I5lva j~ -~ tusa

and Laminaria sp. Work was also done to demonstrate the antimicrobial

activity of tl~e ci rt ony l and terpene fractions Isolated (Katayama , 1962).

Some effects on annelids and nematodes were also demonstrated (Katayama ,

— 1962).

t T l i z z u r  and Has t ings  (1978) have shown tha t  s t r a i g h t —  ham a lde—

hydes (C
9
—C 16) are utilized In bioluminescent reactions of marine bac-

teria.

Many workers have shown the occ urrence of halogenated volati les in

algae. Burreson et al. (1975) found numerous haloforms in Asparagopsis

taxiformis, the dominant one being bromoform (CHBr
3
). These compounds

accounted for 0.4% of the dry weight of the alga. Tetrabromomethane

x x 0
(CBr 4 ) ,  tetrahalopropenes ( ‘{

~
‘ ), monohaloace tones ( ,L,x ),

polyha lobut—3—en —2—ones ( ), and 3 , 3—dihaloacroleins ( 1
~r’it 

‘

were also found .

Lovelock (1975) has interpreted high levels of methyl iodide (CH 3I)

in Laminaria beds as production and release of this volatile by these

algae. Z a f i r i ou (1975) noted that this compound will react in seawater

yielding methyl chloride (CH
3
C1) among other products.

Numerous volatile halogenated monoterpenes have been found in red

algae . These include mono— and di—halo myrcenes ( ~~~~~~~~ 
Br

II
(Burreson et a l . ,  1975; Ichikawa et a l . ,  1974) .

Vcla t i les  from Marsh Grass

Miles et al .  (1973) have analyzed Juncus roemerianus (a marsh

grass) for its volatile content by steam distillation. Numerous com-

pounds were found and included C11 —C20 hydrocarbons , several C7—C9

aldehydes , nine C5—C 18 
ketones and some C12—C 15 

ethers . The volatile

- -‘ - ~ —-
, 
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f r ~~ t i o n  represented U . O 1 ~ of the m i t  i . al plant start j o t ’  m a t e r ia l .  One

may i nte r  from these  da ta  t ha t  many of these compounds were accumu—

1 m r e d  f rom the  e n v i r o n m en t  (4 ’ s 1 — 5 ) ,  while  o thers  we re synthesized de

OOV O  (6 and 7 ) .

0 014

Ut lie r Sources

Volatiles are also important for  marine animal life . Hasler and

W i sh y (1951) determined that a volatile material acts as a stream marker

for salmon. Thus , rivers add volatiles to the sea.

Land organisms are an important source of volatile organic com-

pounds. Several workers have shown that land plants produce and release

tremendous quantities of terpenes (ten carbon branched and cyclic unsat-

urated hydrocarbons) (Went, 1960; Rasmussen and Went , 1965; Rasmussen ,

1972 ; Tyson et al., 1974; Wh ltb y and Coffey , 1977) .  It has been e s t i m a t e d

t h a t  2—4 x 1O~ metr ic t i f l~~ of terpenes are released an n u a l l y (Rasmussen and

Went , 1965; Rasmussen , 1972) to the atmosphere . The major  compounds are

alpha and beta pinene and l imonene (Rasmussen , 1972) .  Air meas urements

w i t h i n  fo re s t s  have shown to ta l  terpene levels of 50 m g / l i t e r — a i r  ( W h i t b y

and Cof fey , 1977 ) .  Downwind from the forest , levels between 4 and 11

mg/li ter were observed . Still other workers have shown seasonal varia-

tions in these emissions (Zavarin et al., 1971; Powell et al., 1973;

among others).

Land microorganisms also evolve large quantities of volatiles.

Stotzky et al. (1976) have reviewed the subject and have demonstrated

that terpenes , aldeh~~ es , ketones , and sulfides affect the growth of

various microorganisms .

- 
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Land animals also u t i l i z e  vu l a ti l es  as chemical messengers .  For

examp le , Wilson ( 1 9 7 7 )  no tes  t ha t  the  ant , ~~ hom~~ p~s clavige r , u t i l i z e s

sever al  compounds f o r  i t s  Int e r s p e c i f i c  comrnun icat  ions I n c lu d i n g  2 , 6—

dimeth y l— 5—he ptenal , c itronellal ( 
~~~~~~ ), nero l ( 

~~~ 
),

geranial  ( ,l~~J~) ), undecane , t r idecane , pentadecane , 2—tridecanone ,

and 2-p entadecanone .

Another  lop  i r t a nt  source of volati les derives f rom the activities of

man . Ind ustrial processes , as indicated earlier , release large quantities

of volatile organic compounds to the environment (NAS, 1975). Anthropogenic

inputs also come from our use of fossil fuels. Numerous workers (Altshuller

et al., 1971; Crob and Crob , 1971; Bertsch et al., 1974; Ciccioli et al.,

1976; Lonneman et al., 1974). have measured the hydrocarbon concentrations

in urban air samples. They find individual compound concentrations on the

order of ngs/liter—air. The fate of these materials and of the natural

emissions , especially as regards potential transport to the sea , is unknown

(Duce et al. , 1974; Duce, 1977; Garrett and Smagin , 1976) .

RECENT ADVANCES IN METHODOLOGY

As noted earlier , tremendous advances In the methodology available

for the determination of the volatiles in aqueous samples have been

made within the last five or six years. This progress was motivated by

the b iomedical profession ’s desire to utilize metabolic profiles to assess

patients ’ health (Horning and Horning , 1971; Zlatkis et al., 1973 , Teranishi

et . al., 1972) and t i n  des i re  to monitor drinking vaters and other natural

‘re shwaters for volatile pollutants (Ci b , 1973; Bellar et al. , 1974;

.‘ -

. 
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No~~ tny et a T . ,  1°74 ;  Dowty et a T . ,  l 9 7 5 ; B e n t — ~~l~ et m l . ,  1975; Rites ,

1 9 7 7 ) .  These advances were primarily of two kinds. First , solid ad—

sorbents were investigated for their ability to c o l l e c t  and retain vola-

tile organic materials from air streams . Tenax , a polyme r of 2 ,6—

L d iphenyl—phenylene oxide , is found to adsorb volatiles and is ther-

mally s t ab l e .  Thus , a Tenax trap may be used to collect a volatile con-

centra te and can be directly inserted into the injection port of a gas

chromatograph for thermal desorption of the volatiles. Charcoal has also

been used in traps by Crob and his coworkers (Grob and Zürcher ,

1976). This trap can be extracted with a small amount of solvent pro-

viding a concentrated volatile sample.

The second important advance was the availability of glass cap i l l ar y

gas chroma tography. This facilitates the separation of hundreds of com-

pounds per analysis and enables the efficient analysis of comp lex natural

mixtures. These together allowed rapid and routine recovery , separation ,

identification , and quantif ication of a chemically diverse group of vola-

tile organic compounds.

SUMMARY

This thesis reports the application of current technology to the

study of an “analy t icalw indow” of volatile organic compounds in seawater.

The literature suggests that the total volatiles in this analytical

window are present in seawater in concentrations of about 1— 10 us/kg.

Also there is ample evidence for both natural and anthropogenic sources

of volatile organic compounds to seawater.

Work in this field has added to our knowled ge of the identity of

some organic reactants occurring in seawater , the s[ze of the volatile

frac tion and its relation to the larger organic carbon pool , the

- - ~~~~—- — — 
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Import ance of transport mechanisms in controlling volatile distribution s

In the sea , the  i m p o r t a n c e  of chemical  communication processes between

the organisms of the sea , and the pathways and levels of ant~~ o~ ogenica~~y

produced volatile organic compounds into the sea and the nature of their

fate.

___________________ 
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CHAPTER 2.  VOLATILE OR GANIC COMPO UNDS IN OPEN OCEAN SEAWATER

INTRO D UCT i ON

In the past , many efforts to learn about the marin e organic

carbon cycle have util ized measurements of bulk parameters such

as dissolved organic carbon (DOC) in seawater samples collected

from vertical and hor l7 re ta l profiles (e.g. Menzel and Ryther ,

1970). It now appears that most of the DOC is made and recycled

In the surf ace wa ters of the sea , that the deep water organic

matter is , for the most part , biolog ically inert , and that the

DOC has a mean residence time of about 3000 years (Williams et

al. , 1969; Williams , 1971; Skopintsev , 1972; Menzel , 1975) . The

investigators have also suggested that two cycles arc operating

simultaneously in the sea, one which is fas t for  labile compound s

and the other which is slow for more refractory organic matter.

More recently, studies concerning the spatial distributions

of specific organic compounds such as the low—molecular—weight

hydrocarb ons (Swinner ton and Lamon tagne, 1974) , sterols (Gagosian ,

l975~ Cagos i an , 1976), sugars (Handa , 1970; Hitchcock , 1977),

amino acids (Lee and Bada , 1975; Pocklington , 1971 , 1972) , li pids

(Jeffre’,- , 1966), and hydrocarbons (Barbier et al., 1973: Iliffe

and C al der , 1974) have added to our unde r s t and ing  of the i n t e rna l

workings of the larger  carbon cycle. Concentrations of individual

compounds vary widely and are usually highest in surface seawater.

h ose groups of compounds , and to some extent , the individual

compounds w i t h i n  them , have been shown to ~.ave the i r  own uni que cycles.

— 27—
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Recently, methods have been developed for the semiquantitative

anal ys is of vola tile organic compo unds in aque ous samp les (Zlatkis

et al., 1973; Grob , 1973; Bellar and Lichtenberg, 1974; May et al .,

1975; Grob and ZUrcher , 1976). Study of this fraction of the

organic matter in seawater has been neglected in the past due to a

lack of suitable methods.

It was the intention of this work to apply gas— phase str ipp ing

and solid—adsorben t trapping methods to the analysis of open—ocean

seawa ter samp les in order to assess the importance of this volatile

organic fraction. Moreover , because the method is based only on

the criterion of “stripabili ty” (see Methods), many diverse orga nic

compounds con taining alky l— , alkenyl— , aryl— , carbonyl— , alkoxy— ,

acyl— , and/or halo—functional groups could be represented and be

used to study the chemistry of compounds con tain ing these moie ties

in the environment .

Three markedly different open-ocean regions were investigated :

the Sargasso Sea near Bermuda , the western Equatorial Atlantic , and

the Peru upwelling region . The first two have low primary produc-

tivity while the third is known for its extremely hi gh production .

The western Equatorial Atlantic is influenced by a riverine input

(Ama zon) (Ryther et al., 1967). Different atmospheric transport

patterns would be expected for these regions as the Sargasso Sea

receives volatile inputs , including industrial materials , from the

North American continent (Harvey and Steinhauer , 1976), but the

western Equatorial Atlantic and the region off Peru should show the

effect of dust and organic vapor transport from arid lands (Zuta et

al., 1975; Simoneit et al., 1977). The Peru upwelling region is

oxygen deficient in midwater and is underlain by anoxic sediments.

~~~~~~~~~~~~~~~
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Th is situ ation allows the investigation of the influence of different

redox conditlono on the volatiles. This chapter reports the observa-

tions made on v o i a t i l e  organic compounds in these three widely

differing oceanic regions.

!1ETHODS

Samp l ing

In February , 1977 , seawater samples were collected in the

Sargasso Sea near Bermuda from the R/V Panulirus II (32°lO’ N x 64°30 ’W ,

about 3000 m dep th). The weather was marked by strong winds and

app roximately 3-rn swells. Water was collected with a sing le 30—l iter

Niskin (Teflon coated spring) and transferred into 2—liter round

bot tom flasks on the deck . Upon our return to the dock , wa te r was

trans fe r r ed to the stripper , spiked wit h an in ternal standard , and

stripped . Traps , stored in screw—cap vials , were returned to Woods

Hole for gas chromatography analysis. Hydrographic data were provided

by Dr . B. Morris and Ms. E. Schroeder from the regular Panul irus

station visited within a week of our sample collection .

Seawater samples were also collected from 6 hydrocasts made from

the R/V Oceanus (cruise 22) in the western Equatorial Atlantic In

March , 1977 (Figure 2—1). Sampling occurred between 10:00 and 14:00

local time . PVC Niskins (5— or 30—liter with Teflon coated stainless

steel springs) were used. Sample depths were computed from reversing

thermome ter data. Water was t ransferred in a closed system from the

Ni skins through glass to 2—liter round bottom flasks . Samp les for

salin ity, nutrients , and chlorop hyl l  a were also drawn from the same

Nisk .tns.
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Figure 2—1 . Station locations on cruise 22 of the R/V Oceanus to
the western Equatorial Atlantic ocean (March , 1977)
and on cruise 73 of the R/V Knorr to the Peru upwelling

region (.March, 1978).
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A third sot of seawater samples was collected at 6 stations in

March , 1978 on cruise 73 of the R/V Knorr to the upwelling region off

the coast of Per u (figure 2—1). A single 30—liter Niskin was used .

Water was drawn from the bottle through a polypropylene tube and an

in— Uno filter (precombusted 142 inn glass fiber filter In a stainless

steel holder) which were rinsed with a portion of the sample. Reagent

bottles (2—liter) with ground—g lass stoppers were filled with seawater ,

poisoned with 0.5 ml HgCI
2 

solution (40 mg HgCI
2 

per ml water), and

then tightly stoppered. Filtering and poisoning were done to prevent

biological activity from altering the volatile organic compound

content of the samples during storage . Samples were stored at 4°C in

the dark for 3 to 6 weeks until being returned to the lab at Woods Hole.

In order to check for the effects of filtering and poisoning

treatments , some rep licate samples were left untreated while others

were only poisoned . Untreated samples were always drawn first , then

unfiltered samples , and finally those that were filtered .

Samp les for  salin ity ,  oxygen , nutrients , ch lo r op h y l l  a , and

phaeophytin were drawn from the same Niskin bottle and .ln;1lvz (d on

board .

Analysis of Volatile Organic Compounds

The seawater samples from the Sargasso Sea and the western

Equatorial Atlantic were analyzed for volatile organic compounds

using the “Ten ax method .” Details of this method are provided In

Appendix I. It is chiefl y adapted from methods reported in the

literature (Zlatkis et al., 1973; Bellar and Lichtenberg , 1974; May

et al., 1975). -
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Br iefl y , the method involves bubbling a warmed seawater sample

with helium and passing the effluent gas stream through a trap loaded

with a solid adsorbent , Tenax . The volatiles , which are concentrated

on this trap, are transferred by thermal desorption within a gas

chromatograph injection port into a cryogenic loop which was made by

reshap ing the f r on t end of the g lass cap illa ry gas chrom atograph y

column . After this transfer , the loop is warned and chromatograp hy

i s pe r f ormed .

The method determined those compounds of sufficient volatility

and low solub ility to be stripped (hence the term “stripahi l i t v ”)

and not interfered with by the variable contamination (presumab l y

atmospheri~) by compounds boiling below 100°C. The lower limit of

detection for nonpolar compounds was about 1 ng/kg seawater.

Prec ision , as determined by the recovery of l—ch loro—n—decane added

to the seawater at 10 ng/kg , was ± 20%. Compound recoveries varied ,

hut were better than 80” for nonpolar volatile compounds , about ~0~’

f o r  sl ightly pol ar compounds such as alkylated benzenes , and less

t h i n  20% for more polar compounds such as the aldeh ydes.

The Peru seawater samples were analyzed using the “Grob’ method

(Grob. 1Y73; Grob and ZUrcher , 1976; Schwarzenbach et al., 1978;

Appendix I). J u s t  before analysis , 200 ml of water was poured off

at a nearby beach to provide a clean—air headspace. At the lab ,

samp les were strippe (i f o r  2 hours at 3 5 C  using the recycled head—

space a i r .  Volatile compounds were collected on a charcoal trap

placed in the recycling vapor path. After the water was stripped ,

the trap was extracted with 15 p1 CS2
. CC and ( (‘MS analyses ~5’ero

performed on ;il i quots of t h i s  extract.
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These analyses provided a lower limit of detection of about

I ng/kg . Reproducibility based on previous work (Schwarzenhach et

al. , 1978) was about ± 10%. Greater stripping effi ciency was obtained

using the Crob me thod , such that nonpolar and sli gh t l y  polar comp ounds

were re covered with an efficiency exceeding 80%. Relatively polar

volatile compounds such as the aldehydes were recovered at about 30%.

Only samples which were both filtered and poisoned are discussed.

Compar ison to untreated samples showed that these procedures did not

con taminate the samples (Appendix 1). Surface samples which were

filtered sometimes showed lower concentrations (about 50%) for aldehydes

and n—pentadecane than unfiltered replicates (Append ix I , Table 1—3).

RE SULTS

The win te r  Sargasso Sea station had a well—mixed surface layer

to 400 meters as evidenced by the temperature , salinity, and oxygen

data (figure 2—2). Pentadecane was the only volatile organic compound

found at greater than trace (
~ 2 mg/kg) concentrations (Table 2—1 ).

Three samples from 10 in and one from 100 in contained between 10 and

25 ng pentadecane/kg. The 1200-rn sample had less than 1 ng/kg.

The hydrographic data from the western Equatorial Atlantic cruise

reveal the presence of a seasonal thermocline at about 100 m for the

f. stations studied (figure 2—3 , Appendix

11). No anomalously low surface salinity samples were found : thus

th e Influence of the Amazon was not important for any of these

surface samp les . Nutrients were dep leted in the surface mixed layer

and increased In the deeper waters to a maximum at  several h u n d r e d

me t .:rs. Chlorophyll a showed low values (0.1 — 0.6 ug/kg above 50 in

— -‘ - -‘ — ‘ - — -  
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Figure 2—2. Temperature (°C) ,  salinity (
0/00) and oxygen concentrations

(ml/l) of seawater samples taken at a station southeast of
Bermuda in February , 1977.
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Table 2—1. Pentadecane concentrations (ng/kg) in seawater samples from
southeast of Bermuda and the western Equatorial Atlantic
ocean .
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app roxlmate

Sample pentadecane

station/depth (ml concentration (ng/k g~)

Sargasso Sea/10 10
Sargasso Sea/lU 12

- Sargasso Sea/lO 25
Sargasso Sea/l0O 15
Sargasso Sea/1200

Equatorial Atlantic
13/5 24
13/87 4
13/131 26
13/594 <1
13/ 792 1
13/2376 9

15/ 7 9,37 (bo th f r o m same 30 3 N i skIn)
15/116 1
15/ 146 4
15/176 2
15/ 750 1
15/2255 <1

17/5 3
17/ 83 15
17/ 133 1
17/ 173 1
17/631 <1

17/6 41  1
17/ 1896 14

19/6 10
19/ 10 1 1
19/147 <1
19/ 188
19/680 2
19/690 1

2 4 / 7  10 ,38 (each from a separate samp ler)
24/3 5 26
24/83 7
24/ 180 2
24 /700  3
24 /1923  29
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Figure 2—3. Temperature (°C), salinity (°/oo),sigma e (°/ o o ) ,
nitrate (p M/kg) and chlorophyll a (ps/kg) versus
depth in seawater from station 13 (0 58.4’ N x 390

26.7’ W) in the western Equatorial Atlantic ocean .
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and a s u b s u r f ac e  oax n ini o f  abou t  2 ~g/k g  a t  70 — 90 m. Hence f a i  n y

low phvtoplankton product ivity was encountered. Due to v ar i a b l e

sampi” - /ii( anim ation of the volatiles on the western Equatorial

A t l a n t i c  cruise , only pentadecanc provided useful data (Table 2—1).

S u r f a c e  v a l es v a r i e d  considerably and were as high as 40 n g / k g .

Some t h e r m o c l in e  samples c o n t a i n e d  20 to 30 n g / k g ,  w h i l e  most of the

samples between 100 and 1000 in had less than  3 ng/kg. Curiously , 3

of t h o  4 d e p  water samp les showed elevated c o n c e n t r at i o n s  of penta—

decane between 10 and 30 ng/kg .

The hvu rographfc data (figure 2—4) f rom the Peru upwelling region

demonstr ated t h e  presence of active upwelling inshore of station 3

kti r ln p the samp ling. ‘l’h e nutrients were relatively high at station I

and then reduced in the offshore stations to relative minima at stations

-~ and 6 (figure 2—5). An oxygen deficient subsurface layer was

encountered at all stations at about 100 in (figure 2—6). Chlorophyll a

was very high (greater than 10 pg/kg) in the surface waters offshore

of st at ion 2 (figure 2—6). Phaeophytin did not reveal any marked

trends beyond being higher In surface seawater than in deeper samples

(figure 2—6).

The sc awater samples from the upwelling region near Peru contained

detectable levels of several groups of volatile organic compounds.

The Ind ividual C
2
—alkyiated henzenes were found at less than 10 ng/kg;

surface seawater samp les contained 2 to 3 times more of these aromatic

hydrocarbons than did samples from 1000 in (figure 2—7).

An unknown compound was found to be coeluting with ethyl benzene

in several surface seawater samples. Mass spectral evidence suggested

that t h i s  was an octatriene . A molecular weight of 108 was determined

for this compound based on the presence of n/c 109 (M+l), 137 (M+29),
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Figure 2—4. Sections showing potgntial temperature (°C), salinity
(
0/00) and sigma 0 ( /oo) in seawater from the Peru
upwelling region. Note that depth is shown on a log
scale.
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Figure 2—5. Sections showing nutrient concentrations (pM/kg) in
seawater from the Peru upwelling region. Note that
depth is shown on a log scale.
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I

Figure 2—6. Sections showing oxygen concentrations (nil/kg),
chlorophyll a concentrations (pg/kg) and phaeophytin
concentrations (pg/kg) in seawater from the Peru
upwelling region. Note that depth Is shown on a log
scale.
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FIgure 2—7. Sections showing 1,4—dimethyl benzene + 1,3—dimethyl
benzene (para + ineta xy lene), unknown (mw 108), and
pentadecane concentrations (ng/kg) in seawater from
the Peru upwelling region. Note that depth is shown
on a log scale.
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and 149 (M+4 1) ions in the CH 4 chemica l  ionizat ion ((i ) ‘~pect ruin and rn/c

108 in t h e  electron impact (El) spectrum (figure 2—8). Loss of 13

and 27 mass units (giving n/c 95 and 81) in the CI spectrt :r Indicates

the presence of a terminal ethenyl ~ r — p  (F ield , 1968), wh ile loss of

15 mass units (giving m/e 93) in both the El and CI spectra suggests

that there is a terminal methyl substituent also. Due to insufficient

sample si ze , the remainder of the El spectrum was largely uninter—

pretable. Authentic trans ,cis—l ,3,5—oc tatriene and ethyl benzene

CI spectra are also shown in figure 2— 8 . These spec tra have all  the

same major fragment peaks as the unknown and ethyl benzene mixture in

the sample . However , since this octatriene does not coelute with

ethyl benzene , the unknown cannot be this particular isomer. Although

not all cyclic and branched structures can be ruled out , these data

are consistent with a structure such as a straight chain octatriene .

The CC pe ak heights of this unknown compound (mw 108) were estimated

by subtracting assumed ethyl benzene peak heights from that of the

mixed CC peak . The ethyl benzene peak heights were ob ta ined  by assuming

t h a t  they were proportional to the peak heights of the o ther  C 2 —benzene

isomers .  This  was reasonable because ethyl benzene  levels  covary w i t h

the  o ther  C 2 —benzene  isomer concen t ra t ions  in most f o s s i l  f u e l s  and

environmental samples tested (chapter 4). These difference estimates

agree well with predicted peak heights based on GCMS where data were

available. The resultant spatial distribution of the concentration

of this  unknown compo und (mw 108) is shown in figure 2 7 .  Maximum

va lues w~’re always found near the surface. Station ~ showed tr i c

highest level of all surface samples and the concen t rations decreased

in the offshore direction .
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Figure 2—8. Electron impact (El) and methane chemical ionization
(Cl) mas’~ spect ra of unknown compound (mixed with
ethyl benzene) isolated from seawater samples collected
in the Peru upwelling region. Also shown are CI
spectra from authentic trans , cis—1 ,3,5--octatriene and
ethyl henzene. Fragments from rn/c 76 to 79 were not
collec ted in the sample spec tr a because of solven t (CS

2
)

interference. M/E values greater than 120 are amplified
4 times in the CT spectra of the Peru sample and t r a n s ,

cis— 1 , 3, —or tatriene .
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M~~ ;s p l o t s  f o r  n i ’  ~ in tile CI CH
4 

GCMS analyses showed vici t

w h i l e  onl ’,- one oc t t r i e n c  was f o u n d  at  s t a t i o n  3 , a d d I t i o n a l i - ~i 1r r~,

i i . i i l  -i ~~t n - i i e d In t h e  ~~~ P ~-a-a w tt e r at stat i o n  6 . ~~;i SS  spect ra

showed that t bee c o m p o u n d s  we re very c losel y r e l a t e d .

P en t - i d e - . i n .~ wae I ~ f oind in the ipw e l  l ing r epj on  n e a r  Peru

(~~i g u r 2  2 — 7 ) .  S u r f ac e  s a m ple s  con t a i n e d  the  h i p h t - s t  c on c ent r a t i o ns

excep t  a t  t1~e most nearshore s t a t  ion . The 20-rn and 100—rn samples  .~t

the  most  o f f s h o r e  s b ’  i~~o -~how~ d a typ i ca l l y  h i g h p e n t a d e c a n e  c o n c e n —

t r a t  ion s .

A e mp a r i s o n  of f i l t c r ’ d  and u n f i l t e r e d  5 - a n d  20- rn  samples f r om

t h e  Peru u p we i l i n g  reg ion  showed 2 samples w i t h  50—101 losses of

r~~n t a d c - e a n e onc3 1 samp 1 e w i t h  no s i g n i f i c a n t  d i f f e r e n c - on f i l t - r i n p

(Appendix I , T a b l e  I — i ) .  A filtering experiment done on coastal

seawater from Vineyard Sound also showed about one—half remova l of

pentadecane on filter Ing. These losses may be due to a particle

association of a s i g ni f i c a n t f r a c t i o n  of t h i s  h y d r o c a r b o n .

A ) a r t i c l e  assor~~a t i n n  of p e n t a d e c a n e  may a l so  e x p l a i n  t h e  h i g h

v a r i a b i l i ty  observed t~~ r t h i s  compound in the A t l a n t i c  s u r f a c e

seawater samp le s (Table 2 — i ) .  R e p l i c a t e  samples  f r o m  t h e  same dep th

(e.g. , ~arp ;Isso Sea/ 
]() m and w. Eq. Ati. 24/7 in) showed v.- ry or

repr d iici b i l lt v. Gardner (1977) has found that a l irpe f r a c t i o n  of

the  part icul ;it i- m a t t e r  i q  a s eaw a t e r  sample w i l l  se t  t i e  be l ow t l i c -

outlet o. a 30—liter ‘~i~~l ’ i,. Particle concentrations may be 2 — 2 0  t i m e s

h i g her  in t b -  dregs of t h e  30 liter Niskin than in t h e  rer~.- i i n d e r  of

the wi t e r. Thus, factors such as the time of standing of the sampler

aft er r triova l and t h ~~ sequen o of subsampllng may have affected the

part i n c  clis tri hutioriq ~n t h e  subsamp les of t h i s  work , and as -i

result , the pentadecane concentrati ons may have also varied.
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A family of stra ight chain aldehydes from hexanni to decanal

were observed In seawater from off Peru at I to 10 ag/kg. As was

the case for the other volatiles , concentrations were highest in

otfsh ore surface samples (figure 2—9).

DISCUSSION

Total Volatiles

For all three regions , 40 ng/kg was the maximum concentration

observed f r  an individual compound. Tota levels in surface samp les

were on the order of 10—30 ng/kg in the Sargasso Sea and about 100

ng/kg near Peru . Deep samples contained 10 ng/kg or less. Three

gener al exp lanations for this scarcity of volatiles may be offered.

First , there may be a lack of sources , In areas such as the Sargasso

Sea and the western Equatorial Atlantic , primary production of

organ ic matter is low and consequently might not be expected to be

an important source for the volatiles. Also , remo teness fr om land

for these Atlant ic regions may have precluded transport from natural

or industrial terrestrial sources. The coastal region of Peru is a

sparsely populated coastal desert near the area where the samples

were acq uired . Thus, terrestrial sources to these nearshore samples

are unlikely to be strong , in spite of offshore winds. However ,

pr imary production in this upwelling region was very high at the

time of sampling , and although elevated total volatile concentrations

wer e seen , it seems likely that some other mechanism limits these

organic constituents dissolved in seawater to only trace levels ,

The levels of the volatile organic compounds may also be limited

by a dynamic remineralization system . Investigators using several
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Figure 2—9. Sections showing hexanal , heptanal and octanal concen-
trations (nglkg) izi seawater from the Peru upwelling

region. Note that depth is shown on a log scale.
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approa he-s to hi study f organic matter in the sea have p r - v  H-USly

su g g e s t ed  the impor tance of t h i s  phenomenon . Menzel (1975), lii h is

review of organic mar t  ~ t in the sc- a * has spec ril ated that 1)00 is

r a p i d l y  deconposeu ~f t e r  pu l se  i n p u t s  s ince  onl y poor c o r r e l a t i o n  w i t h

measured primar y prod uc t i vity and DOC values could be found. Obser-

vations on specific organic metabolites such as amino acids (Lee and

Bada , 1975) have also led investigators to conclude that these

compounds are quickly removed after release into seawater. Thus , it

appears that the concentrations of some biochemically labile materials

may be controlled in seawater by heterotroph ic- activity.

Volatile compounds , whose princ ipal Sour- i- is production i n

s u r f a c e  s e a w a t e r , have an additional sink from seawater in transport

into the atmosphere . The mixed layer of the open ocean is degassed

with a residence time of about 1 month (Broecker and Peng , 1974).

Therefore, unless sources in the mixed layer continually produ - - a

volatile organic compound , this atmospheric sink will rapidly deplete

the individual volatile organic compound concentr ations to values in

e q ui l i b r i u m  w i t h  the  atmosphere.

The t o t a l  v o l a t i l e  f r a c t i o n  found in the  S ar g i s s o  Sea and t h e

Peru upwelling region samples compri ses less than 0.017 of the DOC .

~p ec i f i c  V o l at i l e s :  t a decane

Pentadecane was the best-studied volatile compound. Jr was

ubi quitous in surface se ’water samples -nt a concentration near its

calculated therinod yn~~i 1~- ~ol ubility (Schwarzenbaeh et al ., 1978).

The lack of o t her  horn r’~-u” s (e.g., tetradecane and hexadecane)

indicates that this compound was not derived from a fossil fuel

source. Land derived ~~~~ . for example , from the region of the

Li’ ‘~~~~ ‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
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Equatorial A t l a n t i c , does not c o n t a i n  d e t e c t a b l e  amounts  of pen tadecane

(Simoneit et al ., 1977). Other workers have confirmed this finding

by noting that all of the pentadecarte in their atmospheric samples

was in the vapor phase  (Cautreels and van Cauwenberghe , 1978). The

partition coefficient (Schwarzenbach et al., 1978) for  this sa tu ra ted

hydrocarbon is such that it is unlikely that a gaseous source of

pentadecane to the open ocean could maintain the tens of nanograms

per liter observed . Chemical reduction of oxygenated analogues such

as pen tadecanoic acid to pentadecane is not likely in oxygenated

s u r f a c e  seawater .

In situ biological production is another potential source. Some

phy toplankton have been shown to produce pentadecane (Clark and

Bl urner , 1967; Blumer et al., 1971). Clark and Blumer (1967) reported

100 ng nC 15 /grn dry algae for three p
hytop lankters. Blumer et al.

(1971) also found that an older dinoflagellate culture (i.e. in

stationary phase) contained proportionately more pen tadeca ne. Th us

it is possible that the “age” of the bloom and the species involved

are important factors controlling the pei tadecane concentration in

seawater.

A br ief calculation suggests the magnitude of this phytoplankton

source of pen tadecane . Assume that the average phytoplankton have

100 ng n015/gm and that surface POC values represen t an upper limit

to phytop lankton hiomass . In a region with lOU ~ig POC/kg , this would

correspond to only 0.02 ng nC15
/kg. Even for the Peru upwelling

reg ion where up to 1 000 ig POC/kg may be f ound , this only suggests

that 0.2ng nC
15 /k g was present in the phytoplankton . These particul ate

stocks would have to turn over 100 to 1000 times and release all of

their pentadecane t i  the seawater to provide the observed levels.

~~ ~~~~~~~~~
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This seenis unlike l y to  or u1 f a s t  enough to b u i l d  up s u f f i c i e n t

pentadecane against t i r e  atmosp her ic sink. Possibly, unexamined

sp ecies  o f p h v t o p l a n k ton  c on t a i n  much more p e n t a d e c a n e  than  those

s t u d i e d  by C la rk  and Blumer (1967), and these algae may he the

source  of t h i s  v o l a t i l e  compound .

Another potential mechanism for p ntadecane production is

decarboxylat ion of hexadecanoic acid by zooplankton , analogous to

the pathway proposed i c r  tir e formation of pristane (Blume r et al.,

1964). Phytoplankton are rich in this fatty acid (Ackt an et al.,

1968; Chue cas and R i l ey , 1969; Fisher and Schwarzenbach , 1978) and

may contain about 10 mg/gm dry weight. Thus a potential standing

stock of this starting material would be between 2 and 20 ig/kg

seawater. Should only a fraction of a percent of thi s fatt y acid

he metabolized In a fashion similar to that proposed for ph yt ol t o

phytanic acid to pristane (Avigan and Blumer , 1968) , tens of nanograms

of pentadecane/kg could result. Tetradecane and hexadecane would

no t  be f o u n d  in s i m i l a r  abundance  bee -ruse  p h yt o p lank t on  do not  c o n t a i n

much of the appropriate fatty acid precursors . In support of this

proposed so u rc e, biogeni pentadecane and prist ane appeared together

in seawater collected in the fall during a seasonal study on Georges

Bank (Energy Resources Company , inc ., 1978).

S t a t  ion ~ o f f  Peru was f ound to have a d in o f l a g e l l at e bloom wh ile

the more inshore stat t oirs were dominated by diatoms . Dinoflagellat i-s

may contain greater amounts of hexadecanoic acid than

diatoms (2—3x) (Ackman et  o h . ,  l~)h ~~) .  Th us , the correspondeni -e of

r c- m l  lye I y h 1g b pi’n t a d e c : in e  con eli t rat inn s wit I i  t h i t ~ occurrence of

dinofl age llates may be i i i  r ’ -- -~u lt of hi gher precursor avail ability.
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Zsolnay (1973, 1976) has reported the correlation of chlorophyll a

and nonaromatic hydrocarbon concentrations in seawater samples from

the  up w e l l in g  region off Northwest Africa and in the slope waters

between the Gulf Stream and Nova Scotia. This has been taken as

ev idence for a phytoplanktonic source of these hydrocarbons . Plots

of pentadecane concentration versus chlorophyll a for the western

Equatorial Atlantic and the Peru cruises are shown in figures 2-10 and 11.

If one cons ider s all  samples from a reg ion , the corresponden ce in
A

th ese parameters is very poor, However , if the samp le locations are

noted , add itional insight may be found. In the wes tern  E q u a t o r i a l

Atlantic , 4 of the 5 h igh—pen tadecane observations were from shallow

samp les of tire two  westernmost stations (13 and 24). Possibly these sites were

popu lat ed w it h a b iolog ical commun it y  capable of greater pentadecane

production than the stations to the east. Similarly , if the Peru

upw el li n g  regi on samp les are d ivided by sample loca tions , the station

6 samp les fall into one region while the other surface samples are

found in  another. Thus, the relationshi p of pentadecane and chloro-

p h y ll a seems to be dependen t on site specif ic parame ters .

The station 3 surface samples from the Peru upwelling region

were collected at different times of day relative to the other shallow

samp l es (about 18:00 instead of 10:00 for the 5-m sample and vice

versa f o r  the 20-rn sample). Time of day appears to affect the

ch l o r o p h y l l  a and phaeophytin values. These pigments always built

up during the day (Gagosian , pers . comm. )  and consequently show

uncharacteristically high values at station 3/5 m and low values at

3/20 m . Pen tadecane seems to vary in the opposite fashion (i.e.

d iminishin g during the day). Sample 3/5 m had quite low pentadecane

concentration relative to other neighboring samples while the 3/20 in

1_ i_

:- •

, 

- 

- “ .,~ ~~~~~~~~~~~~~~~~~~ ,~~ ~~~~~~~~~~~~~~~~~ - (~~‘~~~ M - 
~Y .% - - - ~~‘- ~~ 

- 
W~ 

- -—



— 6 1—

Figure 2—10. Pentadecane concentrations (ng/kg) versus chlorophyll a
concentrations (pg/kg) in seawater samples taken in the
western Equatorial Atlantic ocean. Points are identified
with the station number followed by the sample dep ths in
meters.
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Figure 2—11. Pentadecane concentrations (ng/kg) versus chlorop hyll a
concentrations (~ g/kg) In seawater samples taken in the
Peru upwellin g region . Points are identif li- with
station i imh~-r followed by the sample depth in meters.
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samp ~ - was enriched relative to ;r dj i~ er ~ samp 1 -~ of i i -  some depth.

This atypic a l result m ay  h e  cau se - o r g ~ nlsm s whi ch ure pa rti cul .-r r l~

rich In pentad - ane (or  somehow capab le  of produc rig pent c~~o-a nc- )

and whi ch m i g r a t e  v e r t i ca l l y  d u r i n g  the day . T h i s  i n t e r p r e t  it ion

a l s o  su g g e s t s  the involv -ni -n t of zooplankton in t i c  f o r m at i o n  of

p e n t  ath - -ane .

Three deep samp les f rom t h e  w e s t e r n  Eq u a t o r i a l  A t l a n t i c  (13/

2376 in, 17/ 1896 m , and 24 / 1923  m) showed unexpec t ed l y h i g h  v a l u e s

of p e n t ad e c a n e .  O the r  workers  ( I l i f fe  and Calder , 1974; Barbier e t

al . , 1973)  have  r epor ted  inc reased  t o t a l  hydroca rbon  c o n c e n t r a t i o n s

w i t h  d e p t h  a f t e r  an i n i ti a l  sm b s u i r f a c e  concentration decrease , These

h i g h e r  c o n c e n t r a t i o n s  may r e p r e s e n t  r e l l -  r y d r o c a r b o n s  produced by

organisms in surface seawater at the s it e  of d e e p - w a t e r  f o r m a t i o n .

Blumer et ~~~ ~~~~~~~~~~ _ c t e d  the r e l a t ive  s t a b i l i t y  of the  s a t u r a t e d

hydrocarbons , and these compound~~~~~ ~~ - -~~~ ç~~oposed as water mass

tracers (Illite and Calder , 1974). It seems unlike !-- ~~~~~-~; in s i t u
p

production or rernineralization of materials t ransported from the

surface could g er -r u t  t he  pen tadecane  found  at these d e p t h s .

Sp~ c j f l c V o l a t f l e s :~~~~-b enzene s

The Ind ividual C
2
—benzenes were found at less than 10 rig/kg.

The mean value for the meta + para xylenes in 5- and 50-rn samples

from off Peru was 4 ng/kg. Values declined to less than 3 ng/kg at

100 m. ass than 2 ng/kg were found in the deepest samples . This

pa tt ern sugges ts a sur face or atmospheric source Biological sources

of th c e compounds are ‘unknown . Since the recently upwelled waters

at station 1 also have 4—5 rig/kg of these compounds , the transfer

from the soon e must hc~ very rapid. If the ai - i i n u n h r - r e  Wi no the

- - ~~~~~~~~~~~~~~~ -
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source , a i r  c o m e t - r u t  r at i o n s  in this region would have- to  be a b o u t  1— 2

ugh air (K 0,34). ThIs val ue may be compared wi t h  the 3—5 iig/1

air measured me an Cape Cod (chapter 4) and In rural a r e - a s  of  Florida

(Lonneman et  a l .  , 1978) .

S t a t i o n  4 in  t he  ~, - r u r  upwelling r e g i o n  d e m o n s t r a t e d  two unusual

f e a t u r e s .  The sum of the  5-rn, 2O-m , and 100-rn concentrations for the

m e t a  + p a r u  xv l ene- s w as  much lower than that for any other station .

Als o , the deep sample from this station revealed an anomolously hi gh

concentration. The fact that surface water at this station also

shows a nutrient minimum suggests tha t the production of large numbers

of  phytoplankton cells may have caused additional removal from

seawater of these oromatics either via adsorption or absorption.

Subsequent sediment ation and rernineralization of this biogenic material

on the bottom may have caused the unusually high concentration of

meta + para xyl eru e in the 4/340 rn samp le. This injection of a r o m a t i c

hydrocarbons to deep water may also explain the background levels

(< 2 ng/kg) found in the other deep water samp les from this region.

--~pecific_Vo lat iles: Unknown (i~~j~~ j

The section showing the concentrations of the “octatriene ”

suggests a phytoplankton source for this compound (figure 2—7).

Howev er , it Is known that Fucus , a sublittoral herithic alga , releases

an octatriene (trans ,cls—l ,3.5—oc tatriene) into seawater (MUller

and J i e nicke , 1973). PossIbly this Fucus octatriene was t ransported

via l ongshore and offshore currents t o the sampling stations and

wa—i l--iomerized (e.g. cIs to trans) during transit to yield the unknown

compound (mw 108). Addi tionally, the precursor may have undergone

I i rther rearrangement ; t o  y i e ld  the other “octatrienes ’ found at

st -ut fon 6.
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On the i ii o r  h a n d , a ph y t op l i k t  on sour -c cannot be ruled o u t

L i t  tic work has been chouc t o  I s o l ; u t t -  v o l a t  i l e  compounds  f rom ph y ?

p lankt on.

L i j ? i O ’ I L I  c Vo]a iles~~~~~ ClD AldE~~~des

The C~ — C 10 
s t r a i g h t  cha in  a l d e h y d e s  were obse rved  in t he  Peru

u p w e l l in g  r e g i o n  s a m p l es  p u e d o i n i u i a n t l y in s u r f a c e  w ter s  ( f i gu re

2—9). These aldehydes may be produced by p h y t o p l a n k t o n . The l i n e a r

correlation coeffic ients for hexanal and heptan -u l with chlorophyll a

were 0.55 and 0 . 7 6  r e s p e c t iv e l y .  Othe r  w o r k e r s  have f o u n d  a l d eh ydes

as c o n s t i t u e n t s  of f r e s h w a te r  d i a t o m s  (Kikuch i  et i i . , 1974) and

f r e s h  w a t e r  v e 1 l o w — g r e e n  a lgae  (Col l ins  and K a ln i n s , 1965) .

A l t e r n a t i v e l y ,  these  a l d eh y des may be i n t e r m e d i a t e  o x i d a t i o n

p r o d u c t s  of a l g a l  o rgan i c  m a t t e r  by h e t e r o t r o p h s .  For e x a m p l e ,

hexanal has been obtained from the metabolism of l inoleic and l inolenic

acids (Jadhaw et al., 1 97 2 ) .  In order to see if these aldehydes

migh t be 1 r d t o ed by r e r n i n e r a l i za t i o n  processes in the seawater off

Peru , the aldehyde con out rations were plotted against ox~-gon

(figure 2—12). Rather than the expected inverse correlation , a str i ng

d i r e - i t c o r r i - l a t l o n  was observed for hexanal and heptana l (linear

correlation coefficients of 0.78 and 0.89). Octana l showed a weaker

correspondence (r = 0.(7). whereas the trace l eve l s  of n o n a n a l  and

decanal precluded useful testing . The direct correlation of aldehyde

con ( en t  rations with oxygen suggests that these compounds were not

produced by het .:rotrophs (luring remineralizat ion. Instead , the

) obsor” -d correlat ion  suggest -~~~i n o t l u i - n  source for the (~~—C 10 aldehydes ,

chemical oxidation. Possibly higher oxygen concentrations cause this

reaction to proceed more quickly and theret ore result in higher aldehvio

1 eve is.
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Figure 2-12. Hexanal , heptanal , and octanal concentrations (ng/kg)
versus oxygen (ml/kg) in seawater samples taken in the
Peru upwelling region . Linear regression coefficients
(r) are also shown.
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Potential precursors for chemical oxidation to aldehydes ar e the

unsaturated fatty acids. Two of the most coimnon fatty acids found in p h y t o —

plankton are cls—9—hexadecenolc acid and cis—9—octadecenoic acid (Ackman et

a l., 1968 ; Chuecas and Riley, 1969). Oxidation by reactants such as ozone

which add to the double bond would y ield only heptanal and nonanal fr om

these compounds. It is difficult to produce octanal and decanal from such

reactions , given that the appropriate fatty acids are unconunon . A second

mechan ism which produces all the C
6
—C10 aldehydes is shown in figure 2—13.

This mechanism does not have to be the dominant pathway of decomposition of

the fatty acids , as these acids are found in pg/kg quantities (Jeffrey, 1966 ;

Kattner and Brockrnan, 1978) while the aldehydes are found at only ng/kg

levels. Side produc ts in this reaction are omega—carboxy--aldehydes which

are not volatile. The 2 f a t t y  acids mentioned above are also found at

pgs/kg in surface slicks (Kattner and Brockman , 1978) , which may be the site

of (pho to? )  oxidation.

SUMMARY

Individual volatile organic compounds appear at less than 40 ng/kg in

open—ocean samp les from diverse areas such as the Sargasso Sea , the wes tern

E qua to r ia l  A t l a n t i c , and the Peru upwelling region. Total volatiles for

the a n a l y t i c a l  window investigated range between 10 and 100 ng/k g. These

low levels may indicate: (1) insignificant sources were present , (2) rap id

tu rnover of these organic compounds occurred , or (3) degassing to the atmos-

phere was important.

Pentadecane is present in most surface seawater samples at about 10—40

ng/k g, which is very near the calculated thermodynamic solubility (Schwarzenbach

et al ., 1978). This hydrocarbon may be produced from an abundant phytoplankton
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L

Figure 2—13. Mechanism for production of hexanal , heptanal , and
octanal from cis—9—hexadecenoic acid . The steps are
drawn out for only 1 of the 4 possible free radicals
crea ted by abstrac tion of an allyli c hydrogen.
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fatty &- id . hexadecanoic acid , in a manner analogous to that of prt stane

from phytan ic a -  Id , or may be produced d irectly by phytop l ankton . The

concentration of pentadecane does not correlate well with chlorophyll a ,

as site—specific factors appear to affect this relationship. Other alkanc’s

were observed at trace levels.

C
2
—b enzenes occurred in surface waters off Peru at about 1—10 ng/kg.

The Peru  samples showed higher  values (2 — 3x)  in surface  wat ~~~s than in deep

ones , suggesting an atmospheric or surface source. Sedimentation of biogenic

particles may transfer these aromatic hydrocarbons to deeper water .

A group of compounds suggested to be octatrienes was found in the le r tu

upwelling region. A sing le isomer of this group may be produced in near—

shore waters by phytoplankton or benthic algae and may rearrange in the

environment to yi eld several new conformers .

Aldehy des (C
6
-C 13) were found in samples from near Peru. The direct

correlation of their concentration with 02 has led to the suggestion tha t

they are oxidation products of unsaturated fatty acids from algae.

(
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CHAPTER 3. TEMPORAL VARIATIONS OF VOLATiLE ORGANIC COMPOUNDS AT A
COASTA l- STATION

I FRI. ~bt c : i - i

In the past , oceanographers have observed the relationship of dissolved

~-r u~ uni c carbon (DOC) to primary productivity . For example , Duursma

(1961) arrfed out a time series study in the Baltic region and observed

that DOC Increased durIng the spring phy top lankton bloom. Other workers

have monitored specific organic compounds such as amino acids (Riley and

Segar , 1970) and hydrocarbons and fatty acids (Schultz and Quinn , 1977)

in coastal regions and also noted the coincidence of specific compound

level increases with phytoplankton blooms . Consequently, it would be

expected that certain volatiles would increase in concentration during

local spring (and fall) algal blooms (Fish , 1911; Llllick , 1937; Yentsch

and Ryther , 1959).

In the coastal region studied , seasonal cycles in abundance and

physiolo gy or or for the various benthic marine algae (Conover , 1958;

SE-a r~i and Wilce , 1975; Ragan and Jensen , 1978) and for the seagr asses

(Sand—Jensen , 1975). The Intensive primary productivit y of these p lants

(which may be as high as I to 10 gmC/m
2
/day (Kanwisher , 1966; Sand—

Jensen , 1975; Phill ips , 1978) may also control the levels of specific

volat iles. It has recently been shown that various volatile unsaturated

hy d rn c u r honi - i  are chemica l mesoengers  for  ben th ic  marine algae (~ ltller ,

1977). These signal s may demonstrate seasonal variation , and their

st udy may d iscern both the periods and intensity at which they occur.

The region of Cape Cod also shows a seasonal Influx of residents and

tourists. Thus, one may reasonably expect to see changes in anthropo—

genic volatile Introduction to the coastal zone on a seasonal basis .
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In addition , the Cape , and the Northeast U.S. in general , are h e a v i ly

forested. Seasonal variations In the outputs of volatile organic compounds

such as the terpenes (Whitby and Coffey, 1977) and their subsequent trans—

port into coastal seawater may be expected .

All of these seasonal processes , and many others , occur and involve

changes in the introduction of volatile organic compounds to the environ-

ment. It Is the intention of this work to attemp t to interpret the varia-

tions in volatile compound concentrations of the coastal seawater in

ter r~s of the effects of such processes.

Ac -ord ingly, the temporal variations of a diverse group of specific

organic compounds have been studied in coastal seawater. The preliminary

results have been reported by Schwarzenbach et al. (1978; Appendix Ill).

in these studies , an Inventory of spe c ific organic compounds and their

concentrations was acquired. The changes in the specific compound levels

were compared with variations of other processes (such as algal blooms).

It was then possible to speculate concerning the manner in which environ-

mental processes affect the cycling of these organic compounds. Moreover ,

opportunities arose (such as pollution events) to observe the manner and

rate a t  which the  natural system responded to perturbations. These

r e s u l t s  have a l l o w e d  cons ide r a t i on  of the environmental chemistry of

these organic materials , and by ex tension , the more complex organic matter

to which  t hey  bear  s t r u c t u r a l  resemblance.

ME THODS

Samples  w e r e  o b t a i n e d  b iweekly at Chemotaxis  Dock (CD) ( f i g u r e  3 — 1 ) ,

a wooden p i e r  w h i c h  e x t e n d s  about  10 meters  in to  Vineyard  Sound . The

w a t e r  d ep t h  o f f  the end of the  dock is between 1 . 5  and 2 . 5  me te r s  and

- - -‘ 
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Figure 3—1 . Map showing region near Chemotaxis dock (CD).
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v ar i e s  w i t h  :ibozt a 0 .6  m e t e r  t i d e .  The b i t t  en is san ly  and  c o v er e d

s e a s o n a l ly  w i t h  an e x t e n s i v e  a1~~ i ]  and seagr oss  g r o w t h .  T h -  shore  i.s

cobb led  and h a c k e d  by a mixed  oak - m d  p ine  f o r e s t  h a n d .  The ma in  road

in the region is greater than 0.5 km away and is s e p a r a t e d  f rom the

b e n c h  by t h i s  v e g e t a ti o n .  Pub l i c  ~e a-Ji c-~ are lo cat e d  a b o u t  1 km to

eith er side , and W r - d ~ Hole and Fa imouth  h a r b o r s  arc-  beyond t h e s e .

Ferries to Martha~ s Vine yard and Nantucke t pass several times per day

several kilometers offshore . A series of b r a c k i s h  w a t e r  ponds d i s c h a r g e

into the Sound to the east of the sampling site. Groins are placed

along t i c  shore and I n h i b i t  t h e  longsho re  dri  ft which is in the net

eastward direction (Burnpus et al., 1971).

Seawater was collected 20 cm below the sirface with a 1— l i i c r  round

bottom flask fastened to the end of an aluminum rod by a PVC bracket.

The f l a s k  was f i l l e d  and emptied three times, and then th ree  separa te

a d d i t i o n a l  a l i q u o t s  were  used to r inse a 5— l i t e r  round b o t t o m  f l a s k .

F i n a l l y  th i s  l a rge r  f l a s k  was f i l l e d  w i t h  4 l i t e r s  of seawater , spiked

w i t h  an i n t e r n al  s t a n d a r d  s o l u t i o n  ( 2 ul of 20 ng each l — ’i l o r o — n —

d ecaiie , —d odecar-te , —tetradecane/ ul acetone), and swirled. The l~ - 1iter

flask was then used to acquire samples for salinit y , nutrients , chloro-

phyll a and phvtoplan kton counts.

S t r  i 11 i n~

Samp les w er e  i m m e d ia t e l y r e t  irne d  to the  lab and a n a ly z e d .  The 4—

l i t e r  s eaw a t e r  sample  was st r i pped a c co r d i n g  to the methods of Grob and

Ziircher (1976). Bri r- fly , a metal bell ows pump forces air through a fri . t

Into the bottom of t i e  water samp le (figure 3—2). The r e s u l t a n t  co lumn

of bubb les  sweeps the sample of Its volatile compounds , and the effluen t

a i r  r i r r l -s t h i s  o rpinic load t h r o u g h  g l a s s  and o t a i n l e s s  s t e e l  t u h l n c .
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Figure 3—2. Recir culating stripper confIguration from Crob and

Z {ircher (1976) .
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(hea ted  to 60°C to reduce the r e l a t i v e  h u m i d i t y ) ,  b e f o r e  reaching  a

charcoal t r a p .  The m ic r o c h a r c o a l  t r ap  c o n s i s t s  of a glass tube in

which about 1 mg of  charcoa l  has been fixed between two stainless steel

scre  115 g l a s s—blown i n t o  the tube . After passing through the trap , the

air returns to the pump for recirculation through the system , The

sample was stripped for 2 hours at a flow rate of about 1.5 liter/mm .

The water sample was heated to 35°C by a water bath . All water samples

were restripped onto a fresh trap for an additional 2 hours immed ia t e ly

af ter the first strip (henceforth referred to as a restrip),

After stripping, the trap was removed from its holder and extracted

with 15 j~l CS
2 

(figure 3—3). This was done by adding another internal

standard (2 p1 of 20 ng l— ch l o r o — n — o c t a n e fp l  CS 2 ) onto the trap and then

add ing 6 ul CS2
. Cooling the vial of the assembled extvaction apparatus

drew the solvent plug down through the charcoal . Warming the vial pushed

the solvent back up through the charcoal. After several such passes , the

solvent  was drawn down and away from the charcoal by pro longed  coo l ing,

and wi th a quick flick was shaken down into the bot tom of the v ial .

Repeating the extraction with an additional 6 p1 CS 2 e f f i c i e n t l y  comple ted

the remova l of the volatiles from the trap and provided a c o n c e n t r a t e d

s o l u t i o n  fo r  f u r t h e r  an a i v - ,i s .

(a s  Chrornatograpj~y and Gas Chromatography .- Mass Spectrometry

The volatiles were analyzed using gas chromatography (CC) and

- inhine d gas chromatograp hy—mass s p e c t ro r ne t ry  (C(~~~). A sing le SE54

?lass capillary column (0.3 mm i.d. x ~0 m long; purcii -ised fr om Jaeg~ l ,

~OLi3 Trogen , Switzerland) was used . A Carlo Erba Model 2151 AC gas

chromatograph equipped with a f l ame  i o n i z a t i o n  detector (FID) and a

special Grob Injector was used . Injections were made with the split

~~ :::i ~~~~~~~
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~~~~~~~~~~~ 
;~-~- - ‘~‘~-s ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ , ir~~~~ ~~ ~- ~~ - ,  ~~~~~ -. - -  ~, - -~



—82—

Figure 3—3. Microcharcoal trap extraction apparatus from Grob and
ZUrcher (1976).
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cle~~id .  The sp l i t  was opened (10:1) after 30 seconds. l !el ium was  used

as the carrier gas at  0 .6  a tm  p re s su re  it the column f ront (ca.3 ml !

mm ). The oven was operated at  room e m p r r i t t u r e  f o r  8 m m .  and t h e n

programmed f rom 20 to 200°C at 3°C / m i t t .  The da ta  were  d i s p l a y e d  on a

strip chart recorder (1 m v  fu1l scale). In January , 1978 a CSI Super—

grater II was added to facilitate the measu remen t  of peak  h e i g h t s .  ° - a k

heigh t measurements are more lr rci se than area measurements for chroma—

togr anis  c o n t a i n i n g  u n r e s o l v e d  compounds .

Compound concentrations were calculated by comparison of GC peak

hei gh t s  to t ha t  of the internal standard , 1—chloro—n—octane , A correction

was made f o r  peak w i d t h  d i f f e r e n c e s  based on r e su l t s  ob ta ined  f rom resolved

standard mixtures. However , the reported concentrations do not take into

accoun t  FID response differences nor stri pping efficiency differences.

GCMS was p e r f o r m e d  on a F i n n i g a n  3200 sys t em.  A single SE52 column

(0 . 3  mm i . d .  x 20 m long)  was used .  El s p e c t r a  were o b t a i n e d  at 70 eV.

CI spectra were acquired with methane as the reactan t gas at 950 microns

and ri sing an ionization potential of 130 eV.

A n c f l l i r v  Da t a

S e a w a ter  t e m p e r a t u r e s  wer2 obtained from daily readings made at the

Woods Hole Oceanographic Institution dock. Salinit y samples were measured

at the 141101 facility. Nutrients were determined using a Technicon

autoanalyzer. Chlorophyll a and phaeophytin were measured using the

fl uorescence techni que of Strickland and Par sons  ( 1 9 7 2 ) .  Dr. M . Hulburt

(141101—biology) -ontr tt- cl and identified tile phytoplankton from CD samples.

Blanks, - even s and ReproducibU~~1

A de tailed discussion of the quality characteristics of the methods

~ 
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used by our  l aborato ry has been reported previously (Schwarzenbach et

al ., 1978). Blank levels were far below the concentrations of volatil e

compounds  w h i c h  we observed in samples.  Most  hyd roca rbons  were  recovered

a t  greater than 851’/ efficiency. Slightly polar substances , e.g , a l d e h y d e s ,

were recovered at reduced efficiency (about 20—30%). Since the initial

report , additional recovery experiments have been performed on compounds

which  were r o u t i n e l y  found  in coastal waters. Tetrachioroethylene and

d l m e t h v l t r l s u l f i d e  were recovered at h ig h y ields (90% and 75 % r e s p e c t i v e l y ) .

However , b r o m o f o r m  (40%) and dimethyldisulfide (20%) exhibited poor

re o -- ~ iv. These compounds  were recovered in the same p ropor t ion  at a l l

levels t e s t ed  ( 10—200 n g - k g ) .

R e p l i c a t e  samples indicated that the concentrations of the volatile

-ompaunds were d et  € mined w i t h  a precision of about ± 10%.

RESULTS AND DISCUSSION

~ydrographic and Nutrient Data

Temperature of the water showed a sinusoidal cycle with a maximum

of about  23°C in Augus t  and a minimum of about  —1 °C in Febru~~~v ~f i g u r e

3—4). Salinity showed a general decline throughout the study period

( f 1~~i i r e  3 — 4 ) .  The 33 0/00 at the outset of the - work was an uncharacter is -

t ically hi gh value and may be erroneous . Chase ( 1972)  found that salinity

never exceeded 32.5 °/oo between 1956 and 1969. The salinity variations for

samples taken twice a day for a late summer week are exhibited in figure

3—5. The tidal flow brings In sa l t ier  water from the west , and the ebb

allows fresh water outflow from the neighbor ing ponds (e.g., Oys ter Pond :

l_ 3 0/oo). This tidal exchange , in conjunction with a period of rain near

the beginning of this series , was probably responsible for the daily

fl uctuations observed over the several days of this example. Data
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F i g u r e  l — 4 .  Seawater  t e m p e ra t u re  (°C) and s a l i n i t y  (
0

/00)  of
biweekly seawater samples from CD and cumulative
ra infall (inches) between biweekly sample collections.
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Figure 3—5. Salinity (
0
/00) versus t ime in seawater samples from CD.
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rt v -ai i itt t h e  v a r i a t i o n  of s a l i n i t y  at CD on an h c i i r l y  t inn - a - a l -  shrew

a range of sir i i u i  t i e s  of ab o u t  0 . 2
0

/ 0 0 . These - ; . i  I m i  ty  da ta  sugges t  th a t

po nd w a t e r  ex it 1 r i ~ t i  the Sound was d i l u t e d  - ifo ut 150 t i~~~ -—i w i t h  c o a s t a l

ni - a w l Li r by t Ire t [mt i t  reached LI

D u r i n g  the period o f this s t u d y , p r e c i p i t a t i o n  was s p r e a d  q u i t e

eve nl y t h  rori gho tit the yea r  ( f I ~t r r e 3— 4)

‘the  r I i — ~t r i b u t  inn s e f t i r e  n u t r i e n t  -~ in the  w a t e r s  o f f  CD are shown

in f i g u r e  f — h .  N i t r a t e , n i t r i t e  and ammonia showed an in t e r e s t in g

suc - i-ssion with t i le most reduced form , NH~~, a p p e a r i n g  at the end of August

and remaining until October. The 110
2 

became important in November and

t i l e  b e g i n n i n g  of December .  F i n a l l y ,  NO
3 

grew in w h i l e  NO
2 was s t i l l

p r e n en t  and peaked in c o n c e n t r a t i o n  in .J. -tn i : rr v .  NH~ may be introduced after

the breakdown of th e seasonal thermocline in the nearby Oyster Pond in

the late summer w i t h  m i x i n g  of i ts  anoxic  b o t t o m  w a t e r s  and s p i ll ag e

into the Sound ( see  Emery , 1972). However , samp les taken along an offshore

t r a n u m o - t  on O c t o b e r  3 showed s i m i l a r  levels of NH~ i n  a l l  samples ,

a l t h o u g h  s a l i o f t \ -  increased offshore. Thus it is unl i kel y t h a t  m i x i n g

of pond water into the Sound w as  the source of this N H .  Rather this

a m m o n i a  was p robab ly  pa r t  of the  c l a s s ic a l  p i c t u r e  of f a l l — w i n t e r

r e m in e r a l i z a t i o n  of organic matter. Fhie virtual absence of these nurri—

‘n t s  throughout the remainder of the year is indicative of the iict ivi t\ -

of marine plants.

Phosphate demonstrated a more -ie -it tered distribution , as did

s i l i c a te .  The s i m u l t a n e o u s  m i n i m a  of these  two n u t r i e n t s  i n  O c ’ t i h r ’ r

may ref l i t  a f a l l  b l o o m  t r i g g e r e d  by t h e  sudden  abundan ee  of n i t  rogen

In t ire fo~~ of l~Fl~ . This was ri ot in d i -a t e d by the  chl e r p l~v l I a moa nri r t —

m en t s  a l t h o u g h  a f a l l  h i r t o m  b loom I s  common in t h i s  I l i u m  (F i sh , l °2 5~

- - ~~~~~~~~~~~ • ~
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Figure 3—6. Nutrient concentrations (-1~g—atom/l) in biweekly seawater
samples f rom CD .
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L i l l i c k , 1 9 3 7 ) .  PossIbly, the henthic algae were responsible for the so

autumn n u t r ietl t mhm p le t ions .

~~~~~opj ank ton

C h l o r o p hy l l  a c o n cen t r a t i o n  peaked in l a t e  w i n t e r  in both  y e a r n

( f i g u r e  3 — 7 ) .  B e g i n n i n g  in December , 19 7  ph a e o phy t i n  was de t e rmined

and showed increased importance suggesting either the active degradation

of c h l o r o p h y l l  a or the  return of degradation products to the water

c o l u m n  as winter storms stirred up the sediment.

P h y t o p lan kt o n  counts  revealed a tremendous l a t e — w i n t e r  b loom of

Thalassiosira nordenskioeldii. Several million cells per liter were

found at the peak of this bloom . The appearance of this diatom bloom

coincided with the February , 1978 chl orop hyll a maximum and the disap-

pea ran ce of NO 3, P04
1
, and S1O

2
. More than 85% of the bloom population

(by cell numbers) consisted of this species.

Other  O b s e r v a ti o n s

In the fall (end of September and again at the beginning of November)

large beach washups of the seagrass, Zos ter a marina ,and associated

macroalgae occurred with the Incidence of s t rong  s torm a c t i v i t y .  These

washrips may not be solely a t t r i b u t a b l e  to stormy w e a t h e r , but  a l so  to a

weakening of the p lant s by physiological changes generally thought to

occur at this time of year (Sand—Jensen , 1975; Ragen and ~Jensen , 197R).

These plant materials could be seen to be pulverized in the surf zone

and w - r e  r e s r e m n -~Ib 1e fo r  g r e a t l y  ln c r e a si nf  the  t u r b i d i t y  of the  s l i i l

w a t e r .
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Figure 3—7. Chlorophyll a (pg/kg) and log phytoplankton counts (cells/liter) In
biweekly seawater sampies from CD. Crosses indicate phaeophytin
concentrations (pg/kg).
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Thrco known i n c i d e n t s  of h y d r o c a r b o n  sp iU s  occurred in the r e g i o n

d u r i n g  the  s t t i d v  p er i o d , In January , 1977 a barge c a r r y i n g  Bouchard  no . 2

fu e l oil spilled part of It s  cargo at  the  head of Buzzards  Bay ( c a .  16

km. f rom (11)1. Some~~ Ime l a t e r , ice , laden with some of this oil , was

observed in the waters near CD. Also , in March , 1978 a large

gas o liti t spiU occurred near Block Island in Long Island Sound (ca. 80

km. f rom CD). Finall y, in April of 1978, a second barge spill ed

o i l  n ei r the west end of the Cape Cod Canal (ca. 16 km. from CD). Only

the first of these accidents could be clearly related to the level of

voL~t i 1e o r g a n i c  compounds at CD (see below and Schwarzenbach et al .,

° 75)

V~i r t a t l o n s of V o l a t i l e  Organ ic  ç~~~~~unds

A l k v l a t e d  }tenzene s . The seasonal  changes in the concentrations of

t h e  C~)~ and C
3
-~ilky 1ated henzenes are shown in figures 3—8 and 3—9. All

of t h e s e  compounds , except e t  i i v l  b enzene  (see l a t e r  d i s c u s s i o n )  , c i osel v

• ‘ l i i .  C — l o ~~~ i i i t ~~~ is~i ;il1 y appear at an isomer ratio of ethyl

henzeni’: m p—x y l (nIs : o—xy lene 1 :2:1. These isomers were always mart

ab iin I.t n t than th e C
3
—bonzenes . Still more highly substituted benzencs

w r ~ also h s er v e d  at l ower concentrations and their tempora l d istrib u—

t I or i s p i r : t  I l t ~1 t h ose at  t he  I )w er  homologues .

In o r t t r t o  I. iii ni~~t rate the nature of a source of the alkylated

h rt z nvs , one of them , o - xv l e n e  (or mor e properly, I ,7—d imethyl henzene)

has h o n  r ’ p  l o t  t c f  in cludin g t h r e e  s amp le s  taken the three days I t iune d i—

itH y follow i ng t h e  M e m o r i a l  Oay weekend (Ma y 27—29 , 1978) (fI gure 3—10 ).

on so t  a t remend ii -4 f I i n -  t t i l t  I on In the  i -o f l cC f l  t ration of t Ii i~ ca m p o t i n t i

at  t h i s  t i m e  over  . i  vi rv s h o r t  t i m e  i n t e r v a l .  Indeed , th e sample

~o I l o w I n g  t h e  w i c k - n i  shows t h e  h i g h e s t  c o n c e n t r a t i o n  f ound all ve.tr.

~~~~~~~~~~~ i~~~1 .~~~. . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -~~~ -—_—
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Figure 3—8. C2—benzenes (ngfkg) in biweekly seawater samples from CD.
Question marks indicate samples in which ethyl benzene
coeluted with an unknown compound. The open circle shows
ethyl benzene concentration found when volatiles were
chromatographed on a column which resolved these compounds.
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Figure 3—9. C3—benzenes 
(ng/kg) in biweekly seawater samples from CD. 
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Figure 3—10. 0—xy lene concentrations (ng/ l)  in biweekly seawater
samples from CD (closed circles) and in 3 seawater
samples taken during the week after the Memorial Day
holiday weekend ,May 27—29,1978 (open circles).
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These data suggest the source of these alkylated benzenes may be related

to the activities of tourists and sumner residents on Cape Cod . A plot

of the o—xylene data according to the day of the week in which the

samp les were taken clearly shows higher levels earlier in the week

(figure 3—lI). Separating the summer data from those of the “off  season ”

further emphasizes this trend in the summer. Thus one may reasonably

hypothesize that gasoline us~ by automobiles or rnotorboats has introduced

these pollutant hydrocarbons into coastal seawater , esp ec ially during

periods of intense tourism. Levels climb to about 3 times those seen

during the rest of the year. Based on the plot of o—xylene concentration

vers us day of the week , it appears that this anthropogenic input is

removed from the coastal seawater with a haiflife of about 1—2 days.

This Is consistent with the observed decline of the o—xylene levels after

the Memorial Day weekend , 1978. A combination of air—sea exchange and

tidal flushing may be sufficient to lower the o—xylene levels this quickly.

It is also apparent from this information that the time scale of interest

for these volatiles is on the order of days and not weeks .

Fthyl benzene concentrations do not always appear to covary with

the other alkylated benzene isomers because ethyl benzene was unresolved from

another compound in the chromatograrns . CI—CH
4 

mass spec tral examination

of this mixed peak in a sample acquired in February , 1978 revealed the

simultaneous presence of a compound of molecular weight 108 (figure 3—12).

This molecular weight assignmen t is assured due to presence of M + 1, M

+ 29, an d M + 41 peaks in the CI—CH
4 

spec trum . The m/e 95 fragment

sugges ts tha t the compo und con tains a terminal ethenyl gr oup (FIeld , 1968) ,

while the m/e 93 fragment indicates the presence of a terminal methyl

substituent. It is known that the brown alga
’ 

Fucus spp. , ut i l izes

t rans , cis—1 ,3, 5—oc tatriene (mw 108) as its sexual chemotactic agent
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Figure 3—11. 0—xylene concentrations (ng/l) in biweekly seawater
samples from CD grouped according to the day of the
week on which they were collected .
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Figure 3—12 . Electron impact (El) and methane chemical i on i za t i on
(Cl) mass spectra of unknown co mpound (mixed with
eth y l benzene ) isolated from Seawater samples co l lec ted
from CD in February and March 1978. Also shown are
CI spectra from authentic trans , cis’-1 ,3,5—octatrien3
and ethyl benzene . Fragments from m/e 76—79 were not
collec ted in the sample spectra because of solvent
(CS ,,) interference. M/E values greater than 120 are
amplified 4 times in the CI spectra of the CD sample
and trans , cis—l ,3,5—oc tatriene .
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( M u l l e r  and Jac’ri [eke , 1 9 7 3 ) .  l’~u c o s er r a t en  , as this St r u c t u r c •  i s  ca l  I t ’ d ,

wa s  o b t a i n e d  f r o m  D r .  Mii i ic r  and i t s  ~C and .spect  rat j ) r n I ) e r t  I t s  a s - c rt ;iln cd -

The au t h e n t i c  compo und  e lu t e s  l a t e r  than ethy l henzen c  ( R I C A *  = 10 1)  on t h e

SE54 c o l u m n  (RICA* = 110) but  i t s  Cl—C l 4 s p e c t r u m  is ve ry s i m i la r  to t h a t

of t h e  unknown ( f i g u r e  3 — 1 2 ) .  The onl y d i f f e r e n c e  Is t h a t  the  a ut h en t i c

I t u - o s e r r a t e n  has rn / c  95 about  2 t i m e s rn /c  93 , w h i l e  the  compound f o un d  i n

t h i s  St ud’~ showed the reverse .  This  suggests  t h a t  the unknown compound

is a c l o s e ly  r e l a t e d  Isomer of f u c o s e r r a t e n, e .g . ,  t r an s , t r ans— 1 ,3 , .S—

oc t a t  r iene -

By CCMS a n a l y s i s , one may e s t i m a t e  t ha t  the February 22 , 1978 sample

c o n t a i n e d  a 60:40 m i x t u r e  of the unknown and e thy l  benzene .  This e s t ima te  of

the  c n c’ent  ra t  ion of et h yl  henzene corresponds  to t h a t  which one mig h t  expec t  f r o m

the  t y p i c a l  isomer r a t i o  of th is  compound and the xylenes .  This sugges ts

t h a t  one may o b t a i n  an idea of the temporal v a r i a t i o n  of the  “octatriene ”

by p l o t t i n g  the  d e v i a ti o n  of e th y l benzene f rom t h a t  expec ted  f rom the

o t her  C
2

—b e n z e ne s  v e rs us  t i m e  ( f i g u re  3 — 1 3 ) .  A peak in c o nc e n t r a ti o n  of

t h i s  n i a t e r  I . 11  o c c u r r e d  in l a t e  February  and March .

~i ; i t h 1 e s nn  et  a t .  ( 1 9 7 6 )  have repor ted  t h a t  s u n lig ht  may be the key

en v i r o n m e n t a l  v a r i a b l e  c o n t r o l l i n g  the  release of gametes by Fuc-us spp .

Th s o lar  Ir r a d i .  t m - c  l eve l , w h i c h  they found to be c r i ti c a l , oc c u r r e d

a t  t h e  b e g i n n i n g  of February  at CD. Thus i t  is poss ib le  t ha t  th i s  unknown

was  r e l a t e d  to t h e  a l g a l  sexual  a c t i v i t y .  Isome ’-iza t ion of fu c o s e r r at e n

( e s p e c i a l l y  i n  s u n l i g h t )  may have q u i c k l y  produced the  unknown observed

in t h i s  y e a r — r o u n d  s t u d y .  This  compound was also observed in s u r f ac e

s e a w a ter  f r o m  the  u p w e l l i n g  reg ion  off Peru ( c h a p t e r  2 ) .

* RICA :  r e t e n t i o n  index  r e l a t i v e  to the l— c h l o r o — n — a lk a n e  s t a n d a r d s , e . g . ,
110 means t h a t  the  compound e l u te d  10/ of the  way be tween the 1st i . s .
( I — r i  — n — h i e x n n e )  and the  2nd ( 1—c 1 — n — o c t a n e ) .

4 ~~~~ f~~~ ’4 % — U 
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Figure 3—13. Estimated unknown compound concentrations (ng/kg) in
biweekly seawater samples from CD.
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N~2~ thalenes. The naphthalenes showed a different temporal functian In

their c en c en t r a ti ~~n s  ( f I g u r e  3—14). The March 8, 1977 sa mple was rich

in these compounds (as it was for alky lated benzenes). Examination of

the isomer relations at CD and those from a sample of no. 2 fuel oil

reveal Identical patterns (Schwarzenbach et al., 1978). Thus direc t

input f oil .~as the most likely source of these compounds at that time .

H~tw .’vt’r , two weeks after the next sample was taken , the seawater concen-

tration of these compounds had decreased dramatically. As noted in

Schwarzenbach et al. (1978) a period of intense storm activity between

these t w o  s a m p l e s  may have been responsible for this thorough flushing.

It is d it ficul t to Identify either the atmosphere or the sediments as the

u l t i m a te  si nk, as t r a n s f e r  to e i t h e r  reservoir  would be enhanced during

storm—induced Introducti on of hubbies or particles into the water.

N a p h th a l e n e s  a lso showed r e l a t ive l y high levels in the win te r  of

1 97 7 — 1 97 8 .  Possibly t h i s  may be a t t r i b u t e d  to the use of home hea t ing

o i l  a t  t h i s  t i m e  of y e a r .

The homologue r a t ios  may add some insight into the  source of nap hthalenes

t1i rou~ }mut the year. By analogy to the higher polycyclic aroma t ic hydrocar-

bons , the ratio of naphthalene to the sum of the C
1
—naphthalenes may

r e He c t  the  t e m p e r at u r e  of fo rmat ion  of the source ma te r i a l  (Blumer and

Y ou n g b l o o d , 197Sa , 1975b , and 1976) as wel l  as the environmental  t r a n s p or t

p r o c es ses  wh ich  broug ht  them to CD (Laflamm e and Hi tes , 1978). For

examp le , if  a h igh  t empera tu re  source was responsible , nap h t h a l e n e

concentration should be greater than that of the methyl substituted

ompounds. If atmospheric transport of the compounds to CD has occurred ,

th e ratio may increase as the light er naphthalene exhibits a higher vapor

pressure and therefore is more easily volatilized . Obviously, the poss ible

c omb inationsof source ratios and their environmental transformat.~ons are

numerous and complex .
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Figure 3—14. Naphthalene and substi tuted naphthalenes (ng/kg)  in
biweekly seawater samples from CD. Closed circles
show concentrations recovered in first 2 hours of
s t r ipping, while crosses show concentrations recovered
in an additional 2 hours of stripping.
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‘fl- i t ’  n , i ; h t  i i  lent —r e— methy l naptha 1.enes ratios are plotted for all

th e vt -jr--r ound s,-imrles in figure 3—15 . A sinusoidal pattern is apparent

w i t h  low r a t i o s  in  the summer and high ones in the  w i n t e r .  The March ,

1477 samp l e  was -
, t n t a r n i n a t c ’d by the oil spill and consequently had a

v e t- , low r i t  f - ~

Mso shewu (:i gur e 3— IS ’ are the rrtlos found In laboratory studies

of  various possible sources of these ar o m a t i c  compounds.  Casoline ,

g a s o l I n e  and o i l  f o r  ou tboa rds , diese l f u e l , and API s tandard no.  2 f ue l
I

oil were diluted and analyzed directly by CC. Car exhaust and diesel

t’ xti:ius t were colle cted in glass flasks , stripped onto charcoal traps ,

e x t r t ~~ted  with Cll~ Cl ,,, and analyzed by CC. These exhausts  were also

connected to flasks ‘ ntain ing exhaustively prestri pped seawater ( g e n t l y

st irred) and allowed to exchange the volatiles between the vapors in one

flask and the water in the other. After one day , the water was stri pp ed

and chromatography was performed on the volatile concentrate.

These source data , in c o n i u n c t i o n  w i t h  the year—round pat t e r n ,

s igg. ”; r t h a t  more d i  rt ’ - t  i n p u t s  to  c oas t a l  s e a w a ter  o c c u r r e d  in the

summer t h a n  In t h e  w i n t e r .  The r a t i o s  seen in the  w i n t e r  samples  i n d i c a t e

t h a t  a goed dea l  of r a ct i o n a t i o n  mus t  have taken place to produce such

h i g h  v i i  l i e s  f rom an~’ of t h e  known source- - . The general  t rend in the

e x p e r i m e n t a l  d a t a  was to  increase  the  r a t io  by bu rn ing  a fue l  and to

increase  i t  s t i l l  f u r t h e r  by atmospheri c transport. Therefore , these

d a t - i  n ov i n d i c a t e  t h a t  a t m o s p h e r i c  sources become more impor tan t  in the

w i n t e r  ( e . g . ,  f r o m  the  b u r n i n g  of home h e a t i n g  o i l ) .

A significant concentration of naphthalene was also found in the

restrips (fIgure 1—14). This suggests that this compound was somehow

u n a v a i l a b l e  fo r  exchange  In t o  the  vapor phase of the  p u r g i n g  b u b b l e s .

The relatively low air—water partition coefficient (0.016 as compared
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Figure 3—15. Naphthalene to C1—naphthalenes ratios in biweekly seawater
samples from CD. Arrows on the right margin indica te the
naphthalene to C 1—naphthalenes ratios foun d in laboratory
studies .
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with 0.29 for u—xv lene and 0.076 for heptanal ) of this compound indicates

that it migh t not be stripped effectively ; filtering experiments suggest

tha t about half of the naphthalene can be removed by a glass fiber filter

from seawater. Consequently, it is likel y that the nap hthalenes occur as

both dissolved and particulate species in seawater , and neither of these forms

are readily purged from water samp les.

Alkanes. The temporal variations of the C13 to C17 n—alkanes and of

pristane (2,6 ,10 ,14— tetramethyl—pentadecane) are shown in figure 3—16.

A
The levels were high in March , 1977 as a result of the oil spill. This

i n t e r p r e t a t i o n  Is suppor t ed  by an odd—even carbon p re fe rence  index (“ CPI ”)

c a l c u l a t e d  as nC 15 + nC 17 /nC 14+ nC 16 which  at th is  time was 1.2 ( f i g u r e

3 — 1 7 ) .  Pentadecane  showed two maxima in the summer of 1977 and another

beginn ing  In the summer of 1978. Schwarzenbach et a l .  (1978) a t t r i b u t e d

this to production by the extensive benthic algal growth in the area.

A biological source was also suggested by the high “CPI”. Heptadecane

also showed two concentration peaks in the summer of 1977, the second of

which corresponds to the second pentadecane spike . Again , the h igh ‘1 CPI”

suggests a biolog ical source of this hydrocarbon for both of these

conc entration spikes. Benthic algae in this region are known to be rich

in these compounds (Clark and Blutner , 1967; Youngblood et al., 1971;

Younghlood and Blumer , 1973). The July peak demonstrated a nC17 /prl stane

ratio of about 120 suggesting a green algal source (Clark and Blumer ,

1969). The late summer peak in the concentrations of nC15 and nC17 may

reflect the onset of senescence in some of the seaweeds , or be due to

other physiological changes. As mentioned earlier , large washups of

seagrass and macroalgae were observed soon af ter these peak levels were

observed .
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Figure 3—16.  Alkane concentrations (ng/kg)  in biweekly seawater samp les
from CD. Closed circles show concentrations recovered in
first 2 hours of stripp ing, while crosses show concentra-
tions recovered in an additional 2 hours of stripping.
The concentrations of hexadecane in March and Apr i l , 1978
include an unresolved substance as determined by (‘SCMS .
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Figure 3—17. “Carbon preference index” (defined as nC 1ç + nC17/nC14 +
nC 16

) in biweekly seawater samples from Cl~.
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The wint er pt -eke ef h e p t a l c - c nn-  are of unknown orip in. Po~-.e i h I  y

they  r e f l e c t  t h e  return to  the water f rom the sediments of - ct- v i t o i s l v

deposi ted  m a t e r i a l .

T h e  i n ~ reased t’n ent r a t i o n s  of i1~ the  n — a lk a n e s  in late ‘-lay , 1978

w it h “CPl ” o t  1. 4 i n d ic a t e  a p o l lu t i o n  e v e n t .  However, only eceriaphthalene

and ~-etii yI naphthal ene covary with the n--alkanes among the various naphtha—

lone isomers investigated . Possibl y the source was of a higher hoilin~

or weathered petroleum fraction.

A s was the case for naphthalene , the n—alkanes were also found in

ab el c re in  the restri ps (figure 3—16). The filtering e x p e r im e nt s  a l s o

d - m -estrated that about half the concentrations of these compounds could

he retained by a glass fiber filter . One concludes that these compounds

occur in seawater either adsorbed to particles or associated with

microorganisms .

(The hexadecane peak in March and April was due to the occurrence

ni  another compound cc-oluting (figure 3—16); this is supported by CCMS.)

A ! — I e h ~ de s. A grou p of straight chain aldehydes (C 6—C10) were recovered

throughout the year from the seawater at CD (figure 3—18). These

( ompOands represent a highly reactive , both biochemically and chemically,

group of volatlles . The temporal variation of the aidehydes in restrips

is similar to that Seen in the initial (figure 3—18) strips and would be

expected to be so from the kn- wn poor recoveries of these compounds.

1114- most important feature of the year—round patterns for these aldehydes

wa- ; the concentration maxima in the spring and fall corresponding to

per iods of algal blooms (see -liscussion of nutrients and chlorophyll a).

This was most pronounced in the spring when the phytoplankton bloom was

most thtense (figure 3—19). These compounds may be the result of direct

— __‘ — ( — . - - _ - - - - - ‘V-S.4 -
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Figure 3—18. C6—C 10 aldehyde concentrations (ng/kg) in biweekly seawater
samples from CD. Closed circles show concentrations
recovered in f i r s t  2 hours of s t r ipp ing, while crosses show
concentrat ions recovered in an addit ional 2 hours of
s t r ipping.
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Figure  3—19.  Heptanal concentra t ions  (ng/ 1) and chlorophyll  a
concentrations (pg/kg) in biweekly seawater samples
from CD. Heptanal concentrations were obtained by
summing the recoveries from both the first 2 hours
and the additional 2 hours of stripping.
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product ion by t l it- p l a n k t o n  or maY r e p r e s e n t  o x i d a t i o n  p r o d uct s  of  - I i  gut

lipids. Potential precursors and a viable mechanism b r  i h t -ml il oxidation

of algal fatty acids t o  C
6
—C10 aldehydes are descr ibed in det a il In

chapter 2 (figure 2— 12).

A group  of longer—chain aldehydes became particularl y abundan t

d u r i n g  the  p h y t op l an k t o n  b loom of February , 1978. These included C12 to

C15 saturated and unsaturated aldehydes (figure 3—20). The bloom was more

t h a n  85~’ Thalassiosira nordenskioeldii as mentioned previously; thus It

seemed likely that this diatom was the ultimate source of this material .

Figure 3—21 demonstrates the correlation of these compounds with cell

numbers of th-i s diatom .

Ac cording ly, pure cultures of this diatom were grown in the laboratory .

Cul tu res (1600 ml of — 3 x l0~ cells/ml in log phase growth)  were  e x t r a c t e d

with CI-1
2

C1
2 

after collection on a glass fiber filter , and the extract

chromatograp hed. No evidence for  the presence of any aldehy des could he

fo und. Ano ther culture was stripped direc t ly as norma l v o l a t i l e  a n a l y s i s

of wa t e r  samples  i s  pe r fo rmed . but no aldehydes  were found  by t h i s  app roach .

Finally, approximately 100 ml of CD seawater were - dde--i to a culture and

incubated for two additional weeks (stationary phase). Stripp ing this

culture did not provide any aldehydes either. Thus, it seems that the

dia tom does not produce the ail dehydes directly .

Posi ibly, zooplankton plays a role in aldehyde production. Another

possibility is that photochemical oxidation (which cannot occur with the

lights used to incubate algae) of algal metabolites produced the aldehydes.

Also , a less abundant phytoplankton species may have released these

compounds during the bloom.

Dime thyl Polysulfides. Another group of compounds (figure 3—22) observed 

,-,~~—-~ _ -,
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I

Figure 3—20. C1~ —C 15 aldehyde concentrations (ng/l) in some biweekly
seawater samples from CD.

4, 
-

- 
_
F~~~’~ l_ _pt. 

~
- 

~~ ..~~- ,v— — 
- ,~~~.- - - — - - - - — — -.—



20-

18- 2

- 

?- i J ~~~~~~/ I 1/28 2/22 3/22
~ 10- i f 2/9 3/8 4/7

/
I I

8- 1 1
I I /

I 2 dodecana l
2 1 3 tr idecana l6- 4
‘ 4 tetr adec o nal2 

I • tet radec en alI 4~~ - I 5 pentade cana l
,,./~

c
’ \  \ S pentadec ena l

2- 0/
0-

1/28 2/22 3/22
2/9 3/8 4/7

DA TE

-~~ - , 
-~~ - - - ••_~ , - 4_is ~ - -*‘ -dc- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - 
~~~~~~~ I - -~~ - - - -- — -~~~~~~~ - - - —



-130—

Figure 3—21.  Diatom cell numbers (x 106 /kg) , pigment concentrations
(pg/i) and aldehyde concentrations (ng/l) in biweekly
seawater samples from CD.
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Figure 3—22. Dimethy-L ~olysulfide concentrations (mg/kg) in biweekly
seawater samples from CD. Closed circles show concentra-

tions recovered in first  2 hours of str ipp ing , while

osses show concentrations recovered in an additional

hours of s t r ipping. Arrows indicate undetermined large

quan t i t ie s .
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w e re  t Nc d ine r iv i p01 y su  1 1 i 4 - - . cfl ~S~ Ci{3 
(DMD F ) , C1l

3
.SSS t1

3
(DMTs) ,

(flM4~- ) - DMDS - g r t - .-lr ( (] in I b m  s p r i n g  and sunsTier. DMTS and I)M4 S were  found

in the r e s t  ri ps of  w i n t t - i  ~a i i i t t l p s  and in both the  s t r i p s  and r e s t ri ps of

the  spr ing samples of P118-

These compounds a re  f , ’ - q ’ 1 c n t l v  recovered in g reat ~-r  a m o u n t s  in the

sec Od 2 N o u r s  - f  s t r i p p i n g  t b — r n  in the o r ig ina l  s t r i p s  ( f i gure  3 — 2 2 ) .

As di scussed in Schwar?c-nhnch et al . ( 1978) , a c a p a c i t y  for  the  f o r m a t i o n

of these  p o l y s u lt i d e s  must  be con ta ined  w i t h i n  the samples .

DMDS may be formed by the oxidation of methyl  m e r c a p t a n  ( R e I d , 19 5 8 ) ,

a common p r o d u c t  from m a r i n e  al gae (Haas , 1935; C h a l l e n g e r , 1959) ar i d

m i c r o o r g a n i s m s  ( V a d o t a  and T sh i d a , 1 9 7 2 ) .  D1~~S , DMTS , and I ) M4 S may a l l

be produced by the  r eac t i on  of meth yl  mercap tan  and e l e m e n t a l  s u l f u r  a t

room t e m p e r a t u r e  ( M r M i l l a n  and K i n g ,  l948~ Vineyard , lY ~~6 ) .  Poss ib l y ,  the

a n a l y t i c a l  c o n d i t i o n s  increase  the re lease  of m e t h y l  m e r c a p t a n  by micro-

organisms i n t o  seawater , a l l o w i n g  the  c o n c e n t r a t i o n  of t h i s  t h i o l  to

b u i l d  up.  As a r e su l t , the  r a t l a  of p r o d u c t i o n  of p o ly s ul f i d e s  w o u l d  a lso

inc rease  in t ime , and r e s t  r ip o  would contain higher yields t i n  t h e

~- r i g i na l  2 hours  of s t r l p p i u e .

E l e m e n t a l  s u l f u r  may a l s o  add to D~~~S to y i e l d  DMTS and ‘- .5.

The r a t i c  of sul f u r  to  s t a rt i n g  d i su l f i d e  (Murdock  and Angier , 1970) or

m e r c a p t a n  ( V t n e v r i r d , 1966 )  has been shown to control the distribution of

I ‘ —oil f ide p r o - P i e r  ~- - .~~ s e l e m e n t a l  s u l f u r  levels f avo r  t h e  p r o d u c t i o n

of compounds  wi t - h l o n g et  ~~~~~ - I c  c h a i n s . Thus the  d i f f e r e n t  d i s t r i b u t i o n s

of p o l y su i f  Ides  seen In t h e  ,‘e;ir—ro ’nd stud y may reflect the concentration

of elemental su lfur In Fli p ~cv4~~f~~~ thro ughout the -u-ar .

Also these compwzn’Ia --to - ’ ho d ’ r I  ‘ed f rom other rni--tahol Ites. (‘y e ]  Ic

polysul fides (Wrat ten and knot , 1971) and acy cl Ic forms (Moore , 197 1 )

have ht- -ii report (-d and th~ 1r ri egradat i - n  may he t i t i -  s o u r c e  of t h e s e

— -
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p o ly s u l f i d e  v o l a ti l e s .  P a r t i c u l a rl y attractive candidates are compounds

l ike the b is—(3--oxoundecyl) di— , t n —  and tetra sulfides or bis— (3—acetoxyurtclec—

5— enyl) disulfide found in the red alga , Dictyopteris spp. (Roller et al.,

1971; Moore , 1971; Moore et al., 1972).

A simple calculation suggests the importance of these polysulfides to

the sulfur cycle. The seawater at CD contained about 10 mg—S/k g in the form

of these pol ysulfides; this represented a standing stock of 20 tig—S/m
2. If

this material was swept into the atmosphere in about 3-4 days (Schwarzenbach

et al. , 1978) , this amounts to the local introduction of about 2 mg—S/m 2/yr

to the air. This figure is similar to the 2 tng/m
2/yr cal cu lated for H

25

and the 6—10 mg/m
2
/yr for dimethyl sulfide found in the l -o a.;Lal region of

Chesapeake Bay (Maroulis and Bandy ,  1977). Howeve r , a global biological

source of about 130 mg-S/m
2
/yr is needed to balance the sulfur cycle (Friend ,

1973).

Other Volatile Organic Compounds. Two halogenated volatiles were observed

in seawater at CD. The first was tetrachioroeth ylene at about 1 ng/kg.

This value is similar to that reported for the Northeast Atlanti c of 0.5

ng/kg, but much lower than the concentration in Liverpool Bay (120 ng/kg)

(Murray and Riley, 1973). The source of this compoun d was most likel\-

artthropogen ic as it is heavily used in a direct disperal manner (McConnell

et al., 1975).

Bromoform (CHBr3
) was also fo und, particularly in the sunnier. The

source of this compound was probably the benthic algae (chapter 5 and

Burresun et al. , 1975) -

Total Volatile 0rg~~~ c Compounds. Figure 3—23 shows the total vobitile

organic compound concentrations over a six—month period as measured by

— - 
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FIgure 3—23. Total volatile compound concentrations (ng/kg) in
biweekly spawater samples from CD.
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the  CSI Su p er g r a t - ’r  I I .

F i r s t , i t  can be se’ i t i  t Ii i~ the t o t - i l  leve l s  a p p t - o x l n a t e ly  doub l ed

dur ing , and presumably In r- - g ’ -iii ’-m to , the phytop lankton bloom . Also ,

a seco n d peak occurred in M y .  The nut d ent data do not support rite

c o n t e n t i o n  t h a t  th i s  second na idmum coul d be r em i n e r al i z at i o n  of the

e a r l i e r  produced  p h y t o p i a nk t -r o r gan i c  m a t t e r .  The c h l o r o p hy l l  a v a l u e s

do not  show t h a t  ano the r  bloom occurred at t h i s  t ime . The I n d i v i d u a l

v olat l le s  p rov ide  ins ight  to the  source of this second increase.

The a l k yl at e d  benzenes demonstrated a doubl ing  in the ea r ly  p a r t  of

the m o n t h .  Based on p rev iou s  d i s cus sion , th i s  may be a t t r i b u t e d  to

pol lution assoc i tted with weekend recreational activities ; this sample

was acq u ired on a Monday . Therefore , the value of 400 n g fk g t o t a l  volat i l e s

may be only a f e w — d a y  t r ans ien t  level.

The alkanes and some of the naphthal en es  show a c o n c e n t r a ti o n  spike

at the end of the month. This was earlier ascribed to a pollution event

I nvolving a heavy petroleum fraction .

The total volatile organic carbon investigated in this study comprised

i h o ’ i t  0 .02  — O . O 5~ of the hOC (assumed 1mg/k g) pool .  This is much less

t h a n  the  1—10 )Jg/k g t o t a l  v u l a i l h c - s  found by MacKinnon (pers. comm., 197 8) who

u t i l i z e d  s i m i l a r  m e t h o d s .

SUMMARY

The t empora l  v a r i at i o n s  n the  c o n c e n t r a t i o n s  of severa l groups  of

v o l a t i l e  o r g a n i c  compound 9 l i i  coistal seawater have been studied .

C o r r e l a t i o n s  w i t h  o t h e r  kr’ ’wui t l r - c e s s e s  were sough t to provide Ins ig ht

into the cycling of the~i~ 
. . - r ’ -  - ‘ i d s .

The C2
— and C 3

— a lk y l a t e d  benzenes covaried . Large c o n c e n t r a t i o n

Increases were observed ip  t~~ ~iimmpr , Inunediately following weekends.

~~
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This ‘~ Lgges ted an au t h r o p o g e n i r  source r e l a te d  to summer r i - c  r o ot  lonal

a c t i v i t i e s  f o r  these  l a rge  i n p u t s.

An unknown ocmpound , p robab ly  an o c t a t r i e m e , was found in l a t e

F e b r u a r y  and M ar c h .  T h i s  m a t e r i al  may he related to the chemi cal

L a t t r a c t a n r  u t i l i z e d  by Fucus spp. (Phaeophvta) and may represent a

b i o l o g i c a l  s ig n a l .

Naphthalenes were most abundant after an oil spill and in

w i n t e r  samples .  W i n t e r  samp les contained a greater abundance of nap htha—

lene , r e l a t i v e  to the  meth yl  naphthalenes , than did summer samples ;  t h i s

suggests that more i n d i re c t  sources are impor t an t  in the winter and

thereby allow fractionation during transport of these homologies.

Pentadecane and heptadecane were the dominant n—alkanes observed.

Separate large concentration increases for these compounds were found in

the sunnier and the high CPI” st rongly sugges ts a b iol og ica l  sou r ce of

the se compounds. Benthic algae are abundant at this time of yea r , have

been shown to con ta in these hydrocarbons (Youngblood et al., 1971;

Youngblood and Blumer , 1973), and consequently have been Identified as

the probable sources.

C
6
—C 10 straight chain aldehydes were found in all samples year—

round. These aldehydes , and longer cha in homologs from C~~ —C
1~~

, wer e

greatly Increased in abundance in the late winter. The coincidence with

the Thalassiosira nordenskioeldii bloom indicated that this phytoplankton ,

or oxidat ion of the organic matter produced by this diatom , was the source

- i f these oxygenated vol atiles.

Dlmeth vl di— , t n — , and tetrasulfides were found in the coastal

s e a w a te r .  These p o l y s u l f i d e s  may be formed by reaction of meth yl

mer - ip t a n and eP-m -n t ; l l sulfur , or from polysulfide tnetabolites of marine

- r g ~in1sm s .
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The to t a l  vo l a t i l e  organ1- :  compounds accounted fo r  on ly  about 0.02 —

0.05% of the DOC (assuming 1 mg/kg). This was about an order of magnitude

less than that found by MacKinnon (pers. comm ., 1978) utilizing simila r methods.

Similarly Intense peak levels if  t o ta l  vo la ti les  seem to occur  in response

to either natural or anthropogenic activitIes.

I
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“Also , shor t  range tr a n s p o r t  and depos i t ion  should  be measured  In

field studies performed in coastal regions relatively close to

maj o r  urban sources .  A prime site for such a study is the area

off the northeast coast of the United States. ”

NAS , 1978

Chap ter 4. SOURCE OF C9— and C~—ALKYLATED BENZENES TO COASTAL SEAWATER

I
INTRODUCTION

Recen t ly  there  has been a grea t deal of discuss ion conc erning the

t r o p o s p h e r i c  t r a n s p o r t  of petroleum—derived hydrocarbons to the oceans

(Duce et al., 1974; NAS , 1975b ; Garrett and Smagin , 1976; NAS , 1978) .

Approx ima tely 6 x lO~ metric tons of petroleum hydrocarbons per year are

estimated to be delivered to the sea by the atmosphere (NAS , l975b). This

amounts to 10% of the estimated total petroleum hydrocarbon input to the

marine environment.

The gaseous hydrocarbons in urban air are chiafly benzene homologues

(NAS , 1978). Several investigators have reported between 1 and 40 ng

individual C
a— 

and C
3
—benzenes/l—urban—air (Grob and Grob , 1971; Al tshuller

et al., 1971; Bertsch et al., 1974: Clccioli et al., 1976). Lonneman et

al. (1978) have found 0.2—4 rtg/l—alr in regions of Florida , including the

Everglades . If air parcels with these concentrations were equilibrated

with coas tal seawater , water levels of 0.3—120 ng/kg—seawater would result.

This includes the range of values found for the C
2
— and C

3
—benzenes in a

year—round study of coastal heawater (Chapter 3; Schwarzenbach et al.,l978).

—141—

- — •

5 

- 
~
•

~~~1 ~~~~~ -‘ ~~~~~~ -~. -~~ -~~ - —~ .E5v_~ ~~~~~~~~~~~~~~~~~~~ rAs~’_.* P~. -~~~ ~~ ~~.., ~~~~ s,~ ~_ - — — - — - - - - - - .—



—

Many w or k e r s  have  at  t r i bu t e d  a r o m a t i c  h y d r o c a r 1 i io in a ir  t o  -tutom ob i 1 -

exhaus t,hased on the compositi on similarity of air •m1 ex h a u st  s a m p l e s , and

on the spatial and temporal cnvariat !ons of high compound concentr ation s

and dense traft ic (Crob and Crob , 1971, 1974; A lt shu llo r - t  al., 197 1;

Bert sch et a l . ,  1974;  Lonnetn an et a l . ,  1978) .

Very  l i t t l e  work  has been  done c o n c e r n i n g  the  C
2
— and C

3
-h~ - n i - n e - - i n

coastal seawater. Sauer et al. (1978) f o u n d  l eve ls  of 0 . 3 — 2 4 . 4 n g/ k g  of

individual C ,—hen zenes in seawater from 8 coas ta l  s t a t i o n s  in t h e  Gulf o~

Mexico . They I d e n t i f i e d  oil p roduc t ion  and t r anspor t  sources  f er  t h e  a roma t i c  A

hy drocarbons .

Clark  et al . (1974) have suggested that outboard engine exhaust may

be an i m p o r t a n t  source  of petroleum hydrocarbons to coastal c - -lw at ,-r. They

indicated that about 107 of the fuel used by these engine — may he

dir ectly into seawater.

In this chapter , e f f o r t s  to ascer t a i n  the impor tance  of a t m o s p h e r i c

delivery versus direct inputs of C
2
— and C

3
—alkyla ted benzenes are described.

Since my ability to assess air samples directly was limited by my analytical

c a p a b i l i t i e s, several independent  approaches u t i l i z i n g  wa te r  sample anal yses

were  t aken  to provide insight  to th is  problem.  F i r s t , the  long—term v a r i a —

tions of these compounds found in the year—round s tudy were invest i gated fo r

seasonal , t ida l , and ra in  e f f e c t s .  S h o r t — t e r m  temporal s tud ies  were conducted

to Identif y the timing and magnitude of effect of inputs associated with

i n t e n s i f i e d  t o u r i s t  and r ec rea t iona l  a c t i v i t i e s  on summer weekends (Chapter

3). Also , the isomer distributions of the C
2— and C 3—benzenes in some fue l

samples and the f r a c t i o n a t i o n  of these isomers in l abora to ry  s imula t ions  of

transport into seawater were Investigated . Four studies of the concentrations

of the aromatics in seawater samples f rom o the r  nearby  s t a t i o n s  on the Sound

- -~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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were c o n d u c t e d .  Rain  samplc :- were a n a l yz e d  to ind ica te  the p o t e n t i a l  of

the  a tmosphere  as a source.  ~resh and brackish  water  samples f rom inland

s i t e s  were  i n v e s t i g a t e d  to test  the importance of r u n o f f .  F i n a l l y ,

a b r i e f  e f f o r t  was made to de ’: e rm ine  the  c o n c e n t r at i o n s  of the C 2 — and C
3

—

henzenes  in a i r .

METHODS

Water samples were analyzed for volatile organic compounds by the

methods  of Crob and Zt i rcher  (1976) and Schwarzenbach et a l .  (1978) .

RESULTS AND DISCUSSION

In order  to s i m p l i f y  discussion , only o-xylene (l , 2—dimethy l  benzene)

concen t r a t i ons  w i l l  be considered except in the isomer d i s t r i b u t i o n  s tudies .

This is reasonable since all the C2— and C3
—benzenes covary to a first

approximation , and since o—xylene is cleanly resolved in the chromatograms .

Year—round Chenio taxis Dock Seawater Data.

As noted in Chap te r  3 , the concen t ra t ions  of o—xylene  in samples f rom

the  year—round  stud ywer e  hi gher immediately a f t e r  summer weekends ( f i g u r e

3—10) . This suggested an anthropogenic source related to recrea tional

a c t i v i t i e s  at tha t  t ime of year .

If the C
2
— and C

3
—b ?nzen~s were delivered to Chemotaxis Dock (CD) from

one dominant  source ( e . g .  Woods Hole harbor) , one should observe an i n f l u e n c e

of the tide on these aromatic compound concentrations . Accord ingly, the

concentra t ions  of these ar oma Ic compounds in the  biweekly samples  from CD

in the year—round study were c-msldered as a function of the tide at the

- - .- .~ ‘.‘ ~~~~~ ~~~~~~ ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
‘~~~~M- ’ r .~~ -, ~~~~~ ~~~ ‘ -.~ 
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t i m e  of co l l e -ti on. Five samp les in the y e a r — r o u n d  group were  ta k o- n withi n

1 hour of low tide , and these showed an o—xylene conc entr ution of  H + 3 ng/kg.

Six o t h e r  samplon , a c q u i r e d  w i t h i n  1 hour of high tide , h i d 16 1- S ng

o — x y l en e / k g . A l l  of the  r e m a i n i n g  samples (21) c o n t a i n e d  9 + 5 ng o — x y l e n t - /

kg. Thus , there  is some ind ica t ion  of a source r e l a t e d  to hi gh t i de  ( i .e .

located to the  west  of Chemotaxis  Dock) . However , a l l  of the h i g h — t i d o -

samples were obtained in the months of May , June and July. Conser~ie nt1 y,

the  r e l a t i v e l y  h igh  o — x y l e n e  average found in t h i s  g r o u p  n i g h t  a l s o  he

caused by a seasonal factDr.

Another possibilit y is that rain delivers C
2
— and C

3
—henzenes to

coastal seawater. This may occur by two mechan isms . F i r s t , if the atmos-

phere contains high levels in excess of equilibrium with seawater of these

aromatic compounds , rain may acquire this hydrocarbon burden and deposit it

on the sea. Crob and Grob (1974) favored this explanation for the increase

of the  a l k yl a t e d  benzene concent ra t ions  in Lake Zurich a f t e r  ra in . The

o the r  mechanism en t a i l s  increased r u n o f f  from s t r ee t s  and sewers due to

r a i n .  Urban r u n o f f  has been c i t ed  fo r  del ivery of 0 . 3  x i06 metric tons

p e t r o l e u m  hy d roca rbons  per  year to the sea (NAS,1975b) .

To t e s t  f o r  the e f f e c t s  of r a i n , samp les f rom the  Ch~ mo t i x i s  D i c k

•- l - i r — r  m d  s t u d y  were  g r o u p e d  i n to  those  (7 samples) taken within 1 day

of gr e a t e r  t h a n  0.1 ” ra in and those (16 samples )  a c q u i r e d  a t  l eas t  4 days

af t e r  tie l a s t  r a i n .  The samples taken  s h o r t l y  a f t e r  r a i n

- - o t a i n e d  12 4- 6 ng c i — x v l e n e / k g , w h i l e  those obta ined  more than 4 days

—m in ce the last r i m  showed 9 ± 4 ng o—xylene/kg . Thus , there is no signifi—

C l o t  d1~~ on- n e.

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 
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Shor t—te rm Temporal  S tudies .

The o—xylene cOn entrati- )n in samples f rom CD acqu i red  be fo re , during,

and af ter summer weekends Ii ; ;hown in figure 4—1. In the first study

(May 26 — June 1, 1978), the concentration of o—xylene was g r e a t l y  increased

after the weekend,relative U: hefore the weekend . In the o the r  2 cases

(July 14—19, 1978; August 31 - September 6, 1978) samples were taken during

the weekend and showed t1~~i • v-  - -om contration of o—xylene increased during

tha t time . Notably , the early par t of these weekends did not have peak

concentrations; in July the highest concentration was found on Sunday while

in September this maximum occurred on Saturday afternoon . This indicates

either a delay in the water  response to heightened atmospheric  levels or

tha t recreational activities on Saturday afternoon provide these aromatic

compounds. The Saturday afternoon sample on September 2 was taken while

two power boats were towing water  skiers in the vic ini ty  of CD. This was

the highest concentration ever observed and undoubtedly der ived ch iefly

from these motorboats.

Isoner Distributions

Isomer d istributions were studied in an effort to “fingerpr int” the

sources of the C
2
— and C

3
- benzenes . Interpretation of isomer distributions

in seawater is difficult due to differential effects of environmental

processes which operate ( - I -  .i .~ isomer distribution. However , ‘young ” dominant

s - i r c e s  should le-ive revealing “fingerprints. ”

Gasoline , gasoline/oil or outboard engines , and fuel oil were dilut ed

and analyzed directly by 1,am m chromatography (CC). Auto exhaust was collected

;~
, -~~ 4~ 5% ~ii.~i ‘.-3-~ *- - ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~- -~~~~ ~~~.-  ~~~ 
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Figure  4—1. O—xylene :-:icentratio ns (ngfkg) in seawater samp les
c o l l e c t e d  b e f o r e , d u r i ng  and a f t e r  summer weekends.
May 27—29 , 1978 was the Memorial Day holiday weekend .
September 2-4 , 1978 was the Labor Day holiday weekend .
Per iods of rain are indicated by crosshatch. Closed
circles indicate concentrations in samples collected
in the morning; open circles indicate concentrations
in samp les collected in the afternoon .
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i n  a g l a s s  f l a s k , stripped ;imto a chmn rc o al trap, e xt  r i  ted into m e t h y l -ri -

chlorid e- , and :10-1 lyzed by GC. In mother exper  m m e n t , auto and d i i - s e l

exhaust w e r e collected in empty glass f i r ~ ks . Each C:,-. connec ted  by a U—

shaped neck to an identic al f l a s k  c o n t a i n i n g  thoroughl Y prestri pped seawater

(gently stirred). The vapors ‘.- : e r e -  t h e n  a l l owed  to exchange b e t w e e n  the  a i r

and the- seawater for 1 di v . The w a t e r  w-rm o t h e n  ana l yzed  o r C,. and C3
-

ht tm zern s. In o rde r  to s t u d y  t h e  e f f e c t s  of ocit h o m rd i - o p i n e - n , v - i t e r  was col i - - t e d

near the underwat er e xh a u s t  of an outboard e ngine , and this was analyzed for

Its isomer distribution. Also , a seawater sample was collected at CD on

September  2 d u r In g  an afternoon of continua l motorboat activit y in the

immedi ate vicinit y of CD . The r e s u l t a n t  isomer d i s t r i b u t i o n : - ;  a rc  shown in

f i g u r e  4 — 2 .

A l t h o u g h  a l l  ol  the  p a t t e r n s  are s i m i l a r , some i m p o r t a n t  d i f f e r e n c e s

e x i s t .  Gasoline and gaso l ine /o i l  f o r  moto rboa t s  contain less C
3
—benzenes

than the heavier fue l oil. Auto exhaust and outboard—exhaust--di ssolved— in—

seawa t er  have  s i m i l a r  isomer d i s t r i b u t i o n s .  Th is ma y be expla ined i f 1-oth

I nes- prnduce-d like exhaust patterns , and tol s pattern is not changed on

tr m n - ; f e - r  in to  se-re w ri ter by underwater exhaust systems of outboard engines.

l I m e  I somer d i s i  r i b u t i o n  o b t a i n e d  f r o m  c - x c h a n m  of i n t o  exhaus t  vapor

with ‘-a-iwuete r h i  f f e r n  from that of the orig inal exhaust by an enrichm ent in

t ie ’: lmwe- r—boi Ii ng compounds .  The p a t t e r n  of a u t o — e x h a u s t — d i s s o l v e d — i n —

seawate r r e semb le s  th at bo - ;i - r v - l  in  CD sample  of Sep tember  2. This may Pc-

due o b o a t s  o pe r at i n g  near  the  dock that had e i t h e r  i nboa rd  or

i nh o ar d / o ut b o a r d  eng i no-s . These  p o w e r P c -n t  types  e x h a u s t  d i r e c t l y  i n t o  the

a tmosphe r e - , a s i t  c i t  Ion s i m u l a t e d  i n  the  lab by p l ac ing  e x h a u s t  gases  i n

c lose p r o v i m i t y  t o  s i - a w a t e r  and allow ing them to d i s s o l v e .

~~~~~ 
‘. - - • - ‘~~~~~ 
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Figure 4—2. Relative C2— and C3—benzene isomer abundances from

several fuels , auto exhaust , and some exhausts

dissolved in seawater . Abundances are normalized so

that o—xylene (1 ,2—dimethyl benzene) equals 1. Closed

circles show average relative abundances from biweekly

seawater samp les from CD.
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Finally, the diesel—exhaust—dIssolved—in—seawater pattern differs from

the gasoline—exhaust—dissolved—in—seawater pattern in that the former

showed C
2
— and C

3
—benzenes at similar levels while the latter had relatively

more C
2
— than C

3
—benzenes. This is probably due to the r e l a t i v e l y  f a c i l e

t ransfer of C
2
—benzenes on the one hand , and to the original e n r i c h m e n t  o

C 3—ben z enes  in the  heavier diesel on the other hand . This C
3
—benzene

enrichmen t is par ticularly evident for 1,2,3—trimethy l herizene relative to

the other lower—boiling isomers.

The average year—roun d isomer distribution is indicated by the dots in

f i gure 4—2 and most resembles the patterns for auto—exhaust—disso lved—in—

seawater and September 2 boat exhaust at CD. The linear correlation coeffi-

cien ts for the isomer distributions found in the lab studies versus the

average year—round distribution values were : gasoline , 0.91; auto exhaust ,

0 . 4 6 ;  auto exhaust  dissolved in seawater , 0 .95;  gaso l ine /o i l  fo r  ou tboa rds ,

0.88; outboard exhaust dissolved in seawater , 0.61: Sep t .  2 , 1978 ski

boa t s , 0 .94 ;  diesel exhaust  dissolved in seawater , 0 .80; and /t2 fuel oil ,

0 . 4 4 .  The most  no tab le  discrepancies  in these d i s t r i b u t i o n s  are found  f o r

the peaks containing para substituents (para—xylene , p—ethyl methyl benzene ,

and 1,2,4— trimethyl benz er~~; the f i r s t  2 were not resolved f rom the  meta

isomers by CC and appear as a single peak in the isomer distributions) .

These compounds were found to be the most rapidly degraded of the alkylated

benzenes b y Kappeler  (1976) in his studies of the microb ia l  d e g r a d a t i o n  of

the  alk yla ted  benzenes  in groundwater .  Thus , the discrepancies  may reveal

the impor t ance  of a s imi l a r  biochemical deg rada t ion  in these coas t a l  s e a w a t e r s .

UtilI7tr ’g o—xy lene as an internal standard , the o the r  C
2
— and C

3
-

benzenes may be studied for their relative variations during the year

- - ~~~~~ .
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( f I g u r e  4 — 3 ) . Propy l  henz ene  showed a st rong  nega t ive  d e v I a t i o n  (— 80%)

t rom I t s  mean r a t i o  t o  o—xylene In August. Ethyl benzene also showed this

~~f f ~~ e t , a l t h o u g h less  pronounced ( — 5 0 % ) . Grob and Grob (1974) a l so  saw

strong relative removal of these compounds in Lake Zurich when water temper—

L at u r e s  were above 20°C. They suggested that biological degradation was

cccurring by a microorganism suited to these warm t empera tu re s  and capable

of m e t a b o l i z i n g  the  elongated s idechains . A wa rm—weather  m e t a b o l i c  degrada-

t i o n  of these  compounds may also occur in the  coastal zone near CD.

Mesity l ene  (l , 3 , 5—tr ime thy l  benzene) showed a 3—fold relative maximum

in Sep t embe r  a t  CD. This  compound was also found in re la t ive  abundance  in

m a r s h  samples (Schw arzenh ach  et a l . ,  1978). Possibly an unknown b io logica l

sourc e -  of t h i s  compound ex i s t s .

O—xy l ene in Seawater from Other Vineyard Sound Stations.

Four i n v e s t i g a t i o n s  of the  concent ra t ions  of the C 2 — and C
3— a lk y l a t ed

h e n z e n o - s  in s u r f a c e  water  f rom Vineyard — Nantucket Sound were conducted.

Samples  were o b t a i n e d  w i t h i n  3 km of CD. S a l i n i t y  data  are ava i l ab le  f r o m

3 of these s t u d i e s  ( f i gure 4 — 4 )  and , along with knowledge of the tide at

t h e  t i m e  of sampling , have been used to draw the lines of f l ow shown .

Sal i n i t y  a lways increased o f f s h o r e  f rom CD. It appears tha t  the shoa ls.

abou t  2 km o f f  CD , do not  provide a ma jo r  barr ier  to mix ing  of s u r f a c e

w a t e r s .

The c o n c e n t r a t i o n s  of o—xylene  in seawater f rom these s t a t ions  are

shown in  f i gure  4 — 5 .  No t rends  were c o n s i s t e n t l y  observed.  Al though there

were a lways  s i g n i f i c a n t  c o n c e n t r a t i o n  d i f f e r e n c e s , e . g.  between samples f r o m

s t a t i o n s  a t  CD and 0.8 km. o f f s h o r e , sometimes o f f s h o r e  levels were l owe r

- -t - - -:- -
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Figure 4—3. Ratios of  C2— and C
3—benzene to o—xylene in biweekly seawater

samples from CD. Yea.r—round mean ratio has been set equal to

1. March — July, 1977 and February — March , 1978 ratios of

ethyl benzenes to o—xylene are - known due to coelution of

e thy l benzene and other c~~npounc3 in samples f rom these p e r i o d s .
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I
’

Figure 4—4. Salinity (0 /00) in seawater samples from the region near
CD taken at different times of year . Arrows indicate the

velocity of tidal currents at the time of sampling.
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Figure 4—5. 0—xylene concentrations (ng/kg) in seawater samples
from the region near CD taken at different times of
year. 0—xylene concentration (ng/kg) in Oyster Pond
water is also shown for August 14, 1978.
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w h i l e  at  t l e c r  t i m e s they  were  higher. Similarly , con cen tra t ir ’i i- - did r u t

a iw . . ‘.- -
~ i nc  rease in the  samp les taken closer to  Woods Pc le  h a r b o r .  Yhe

inh omogen e i ty  of o— xy lene levels  was much g r e a t e r  than can be e x p l a i n e d  by

the a n a l y t i c a l  er r o r  (~ 10%) .  This v a r i a b i l i t;  is unexpectod fo r  a domin-

antl y atm c—uh c ri c source , assuming tha t the rate of removal of o—xy lene

from sur te ce seawater was similar at thece stations .

Rain

Two r a t n samp les were analyz ed fo r  the  C2 — and C
3—benz enes  (Tab le  4 — 1 ) .

The C 3— b e n z e n e s  ~cre  present  -c t very low concen t r a t i ons , and c o n s e q u e nt i ’- ,

only the  most  abundant  isome r , l , 2 , 4 — t r i m e t h y l benzene , is r e p o r t e d .  1 l -

2 samples contained ve ry similar leve~ s of C 2 —be n z enes .  The sp r ing  sample

had very  much l owe r levels of C2 —benzenes  than  seawater at t h a t  t ime , wh i l e

the  f a l l  r a i n  samp le had concentrat ions comparable  to those  of s e a w a t e r .

If  the  r a in  was nea r  equ i l ib r ium wi th  respect to a i r  concen t r a t i ons  of

these  C2 — and C 3
—ben zene s , an es t imate  of the atmosp h e r i c  c on c e n t r . et i o n s

of these a romat i c  compounds may be calcula ted  f rom the  ra in  r e s u l t s .

These a i r  c n e n t r a t i o n s  may then be used to i n f e r  the d i r e c t i o n  of

a i r — s e a  e x c h an g e  for  the  C2 — and C
3

—b enzenes at the  t ime of r e i n  co l l ec t i on .

From t h i s  c p p r~ a h , i t  appears  t h a t  seawater  was degassing the C2 — and C 3
—

benzenes in Jun e , bu t  was near e q u i l i b r i u m  in November.

These e st i m a t e s  of the  a t m o s p h e r i c  c o n c e n t ra t i o n s  of the  C2 — and C 3
—

benzenes  p r o b a b ly  r e f l e c t  t h e  levels in a i r  p resen t  d u r i n g  the en t i re  ra in

per iod .  If  these compounds occur as vapors , r a i n f a l l  cannot  efficiently

scrub the a tmosphere  of them since the partition coefficients (0.1—0 .4) 
—

are so low. Thus comparison of these estimated aromatic

-~~~~-‘
~~~~~~~ ~~~~~ -. ~~~~~~~~~~~~~ ~ -f” - -.4,-- -,- 

~~~ , — -P- 
~~~~ ~~~ ~~ -.
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Table 6— 1. C .?—ben zenes and 1 ,2,4—t rimethyl ben z ene  c o n c e n t r a t i o n s  ( n g / k g )
i~ rain . For comparison , concentrations (ng/kg) are also
shown for seawater taken at CD in the b iweekly sampling series.
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compound co n c e nt  r .c t I ens i n  a I r t ‘ c I s c  ~
- r con ce i t a t  I o n s  C) I t lee C

2
— and

na~ be a valid indi c ator for the lonv . - r—t c rm d ie - c tion ui f l e e : - ..

~v~~t er  ~ 
u siinut k i ~~~~~~~u~~~~~ij~j e w L s s e t t  Marsh.

Inland water samp l e - were analyzed for their volatile content. Five

sampli -:; of Oyster Pond water were acquired in August and ‘o-p tomb er , 197th .

Th is p a 0  is located v n- near CD and is separated from the coastal seawater

by a narrow stretch of  land (figure 3—1). The pond is a collecting basin

for groundwater and runoff , and releases about 3 X liters of ~ at  -r  t o

the  Sound near Ci) p e r  day (Emery , 1972). Motorboats are not allowed on

Oyster Pond.

The concentrations of o—x\ lene in Oyster Pond were consistently toun d

t o  be .~- i ’r than those in CD (figure 4—6). Assuming t h a t  sinks such as

h i - d e g r a d a t i o n  or loss to the sediments are no more importan t i n  the pond

t h a n  they are at CD , these data suggest that the atmosphere was no t  an im—

p o r t a n t  so u r c e  ot C,)~ and C
3

— h e n c o n e s  to CD at this time . Since o—xvlene

is more  soluble in  f r e s h w a t e r  tha i .  in s eawa te r , the c o n c e n t r a t i o n s  in

freshwater should be hig her than in seawater given an .etmospheric source

at equ 1librium w i t h  both (Sutton and Calder , 1975; A ppend ix IV ) .

A f t e r  r a i n , the Oyst r Pond concentr ation of o — x y l e n e  increased (30 ’ ) ,

w h i l e  at  CD the  c o n c e n t r a t i o n  decreased  (25%). This observation indicates

that thc atmosphere is the source of this aromatic compound t o  Oyster Pond

but n t  t~ CD. It also supports the conclusion from the year-round dat e

that rain does not 1 -;ol t o  do livery of aromatic h ydrocarbons to 1~P.

- I- ‘~~~s~ -~ -;~~L.--. - ~~~~~~~~~~~~ — s W  ~~ ~ -..- -~~~ -- .._ . ~~
- -
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Figure 4—6. O—xylene concentrations (mg/kg) in water samples ,
collected concurrently from CD (solid circles) and
Oyster Pond (solid squares) in August and September ,
1978. A period of rain is indicated by the crosshatch.
The Labor Day holiday weekend (September 2—4 , 1978) Is
indicated. Crosses indicate concentrations expected
for seawater in equilibrium with the atmosphere , if
Oyster Pond samp les accura tely reflec t atmospher ic
concentrations.

- —,-~ - 
~~~~~~~~ - ~~~~~~ -p - ‘ -~~~ , ~~, ~~~~ ~, - -  - - --



4 0-

RAIN

3 0-  /

.1
/
/ CD

20-
- 

(ng/kq)
/
/
/
/

/

10- /

+ ~ ISAT. SUN. MON]

0 I I ~ I I I I. I I
14 30 31 1 2 3 4 5 6 ~7IAUG. SEPT .

1978

— — -

. 

‘~~ - -~ ‘~-s ~~~~
- 

~~~
‘
~~

- .‘- -,~~~ ~~~~~~~~~~~~~~~~~~~~~~ -. ~~~~~~~~~~~~~~~~~ ,~~ ‘ -
~~ 

-
~~~~ 

. 
~~
- -  ...



— 1 65—

The Quashne t  R i v e r  and S ippewisse tt  Mar sh (low t i d e )  were sampled  in

August, 1977 and .Ju ly , 1977 , respec tIvely . Both samples showed lower levels

of (h,— and C
3
—benzenes than seawater collected on t b same day (Table 4—2) .

These h s c - r . at i o n s , together  w i t h  those on the Oyster Pond samp les , suggest

t h a t  r u n o f f  in the  summer dilutes seawater with respec t to these  a ro m a t i c

hydrocar 1-.ons.

A ir Measurements.

Air samples in August and September , 1978 wer e analyzed f or C
2
— and C

3
—

benzenes . Air at CD was pumped through a 5—liter round bottom flask for

15 m inutes at a rate of about 2 liter/mm . After this flushing , the air

was re rou ted  throug h a charcoal  trap for 15 mm . Repeating this sequence

4 more t imes allowed the analys is of 25 l i t e r s  of a i r .

Figure 4—7 shows the result of a midweek air analysis. Standards

(added to the charcoal trap just prior to ex t r ac t i on  and ind ica ted  in the

f i g u r e  by do t s )  i n d i c a t e  the  1.6 n g / l — a i r  concen t ra t ion  level .  F i r s t , one

can see that the concentrations of the alkylated benzenes were quite low .

Moreover , a rE-strip of the same air onto a f r e sh  charcoal  t r ap  showed

signif icant levels of these compounds relative to the first stri p. This

suggests that 15 m m .  for the first strip was insufficient for complete

recovery  f rom 5 liters; and therefore , the concentrations of these compounds

itt air may be underestimated by these analyses .  F ina l ly , an ana lys i s  of

exhaus t i ve ly  p r e s t r i pped  air is shown and reveals  that  the p rocedura l  b lank

was very good .

Table 4—3 shows the observed levels for o—xylene in air. Highest

values were  found on Saturday  and Monday of the  Labor Day ho l iday  weekend

- 
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I

Tab le  4 — 2 .  C ,—and C 3—b en z en es  c o n c e n t r a t i o n s  (n g / k g )  in w a t e r  sampl ec
fFom the Quas h n e t  Rive r and Sippewfssett Marsh (low water ).
I - or  c o m p a r i s o n , C 7 — an d C

3
— benzen e s  c o n c e n t r a t i o n s  ( i i g / k g )

in seawater from ~I) collected on the same dates are shown .
Most of the (~~—ben zenes were present in Quashnc-t River wat r
at t o e  low warer concentrations to he measured .
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I-

Figure 4—7. Gas chromatograms showing volatile compounds collected
fr om air , from a res trip of tha t air , and from exhaus-
tively prestripped “blank” air. Closed circles indicate
the l—chloro~ n—a1karee internal 

standards (5,8,16) wh ich
are a d d e d a t  1.6 mg/i—air. C2—b enzenes and 1 ,2 ,4—
t r i n ie t h y l  benzene peaks are also indicated . The CC
column was a 0.3 mm x 20 in SE54 glass cap illary column
operated at room temperature for 8 m m .  and then

0 0
programmed from 20—200 C at 3 C/mm .
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Table 4—3. 0—xylene concentrations (mgI 1) in air from direct measure-
men ts and calculated from rain and Oyster Pond o—xy lene
concen t ra t ions  assuming equil ibr ium wi th  the atmosphere.

- - ___________
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o—xy lene
DATE (mg/lit er air)

AIR MEASUREMENTS

August 10 1978 0.4

September 1 , 1978 (Fri) 0.4
2 (Sat) 1.5
3 (Sun) 1 .3
I (Mon) 1.3

i i  5 (Tues) 0.3
(Wed) 0.1

C.ALCULAT~~ FROM RAIN MEASURE -

June 14 , 1977 1.0

November 9, 1977 0 .9

CALCULATED FROM OYSTER POND MEASUREMENTS

August 14 , 1978 (Mon ) 0.5

August 31 , 1978 (Th u rs) 1.0

September 2, 1978 (Sat) 1 .4

Sep tembe r 4 , 1978 (Mom) 0.8

September 6 , 1978 (Wed) 0 .9

-‘ - - ~- -
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( S I - p t  emb e r 2—1 , 1978) . Also shown are the concentrations calculated from

t h e  leve l s  found in ra in  and Oys t e r  Pond samples a s suming  t h a t  t hese  we re

i t c q e i t i i  b r i c e r  w i t  Ii the atmosphere (physical data In Appendix TV) - The

general  r a n g e  of t he se  c a l c u l a t e d  va lues  agrees w e l l  w i t h  the lev e ls measured.

Seawater , at equilibrium with the air values found , would contain 0.4 to

f- .rc ng o-xvlene/kg . ~~-~e w a t e - r  samples always contained g r e a t e r  levels

of o—xylene than this , and therefore the atmosphere appears t o  have been a

sink , rather than a source , for C
2
— and C

3
—benzenes at this t inir - .

Aromatic hydrocarbons introduced into the atmosphere are degraded

largely by reaction with 0H (Darnall er al., 1976). Reaction ratc- s indicate

that this removal process from polluted air occurs with a half life o f  only

a few hours in dayi b r h t  even for the slowest reacting alkylated benzene.

If the metropolitan area of New York were the source of a large plume of

aromatic hydrocarbon—rich air , by the time it reached Cape Cod , (ca. 8

hours , Cleveland et al., 1976) , it  would have been largely diluted and

cleansed by OH radical reactions , The 5—10 ng o—xylene/ 1-air found in

urban areas (Grob and Grob , 1971; Altshuller et al., 1971; Bertsch et al .,

1974; Ciccioli c t  al., 1976) may be reduced to the 0.1 to 1.5 nc o—xylene/

1—a ir found in this study .

It is difficult to know the nature of the source of C~ - and C3
—ben zenes

in un winter since- the samples in this study wí-r€- t a k e n  in the late spring

through early fall, levels almost never fell below 5 ng o—xylene/kg, even

in the winter; hence possibly the atmosp here serves as a buffer and main—

t eins th is “ backg round ” level. This would require the atmosphere to contain

about 1.1 ng o—xy lene/ 1--air , poss ib ly  a reasonable level for the me t ropolitan

~- rtheast .S. In the summer , it seems that the atmosphere is not a s ou r c e ,

- 
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but t ha t  - ll rcct inputs (e.g. from boating activities) dominate. H o w e v e r ,

even at this time , the atmosphere may operate as a buffer and act as a

sink until the return of concentrations to background levels after summer

weekends. A brief calculation , utilizing the stagnant boundary layer model

of the air—sea interface (Broecker and Peng , 1974; Liss and Siater , 1974)

can show that exchange to the atmosphere may diminish a suddenly increased

concentration of a volatile compound in seawater to less than 20Z of the

size of the spike within a week :

dC D A (C )
flux af ter spikt- input = 

~~~~ = —— x excess

wher e C = concentration of the organic compound ,

t = time

D = diffusion coefficient

z = stagnant boundary layer thickness

A = cross sec ti onal area of diff us ion

V = volume of water column under A

C spike concentration over and above concentration inexcess

equilibrium

rearrang ing and integrating

in c/c = —~~ x
o 7:t~

C = C exp ( P~~ 
x t )

0 zV

for rh o reg ion of CD ,

D 0.6 x lO~~ cm
2/sec bas ed on d i f f usion coeff ic ient ot  m e t h a n e  and the

r epe rt ion of the square roots of molecular weights
(Wtth er spo c- n and Bonoli , 19 69; Liss and Slater , 1974) .

—‘ - - - ,~
, —C ~ ~~~~~~~~~ ~~~~~~~~~~~~ ..— - -~~~~~. ,~ , a.-. .~~ -
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2A 1 cm

z = io
_2 

cm corresponding to a wind velocity of 4.5 n/sec

3 (Kanw isher , 1963)
V = 200 cm depth at CD Ca. 2 meters.

t Hee DA/ -zV = 3 x 10 6
/sec-

and after 1 hour C exp (—DA/zV) x ( t)  = O.99C

after 1 day = O .78C
0

aft er 3 day = 0 .46C- a

after 1 week = O.16C
0

l ’ Teeie ~, if  30 ng o — x y l e n e / k g  were added to a 5 ng o—xyl ene/kg  back ground ,

degassing would reduce an observed concentration of 35 ng o—xylene/kg

to 10 rig o— x y l e n e / k g  w i t h i n  1 week. This reduction would be even faster

if wind speeds were greater or if other sinks such as mixing with cleaner

water also were available.

St~-iMARY

Several independent approaches have been taken in an effort to assess

the transport of C
2
— and C

3
—beenzenes to coastal seawater.

The data suggest tha t the atmosphere was not an important route of

del ivery of these aromatic compounds to the seawater in the summer. The

highes t  concen t r a t i ons  of C 2 — and C
3
—benzenes ever observed at CD were

ass ’c iit ed with m c t o r h o a t  traffic on a summer weekend . Two other lines of

evidence suggest that the air was not a source of these compounds to coastal

seawater in the c— n od from late spring through fall. F irst , the int-~omog~ ieity

of concentrations in surface seawater from Vineyard Sound indicated that

- %  - 
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an atmosph eric - S A U C e - did nnt - c ’ re~ these levels . Also air -oncent rat lone~

~e f  ~i—~~~’,’ l ~ene (m ea sure- el dl r e - I y , a I - i i i  t~-d I r c  ra In dat a , rind calc u lnu (I

I rare c)vstc r Pond dc:  to) ve r . be 1 - ~ v ucs expected for equl I i  br  f u n  w i t h

observed seawo t -c l e v e l s .

Analyses  of i n l a n d  ~ re~-hwa - -r  sam p l e s  f rom O y s t e r  Pond , the  Quasl rnet

River , and Sippewissett :-larsh also re-vt -ri led that runoff , through t he s e

relatively undeve1op~ d areas , diluted the coas t a l  se e\- ~n e  or w ith respect to

the aromatic hydrocarbons. This is not to say that runoff entering the

Sound through , for example , Falmouth cartor , does not c-o e~t- in high concen-

trations of these pollutants.

The relative constancy of concentratiors and isomer ratios of the

C~ — and C
3
—be n7e ne s in coas ta l  seawa ’ r may indicate tha t a “buffer ” controlled

the  background levels of these materials , The metropolitan northeastern U . S .

may provide a continuous background of aromatic hydrocarbons and th is , ire

conjunction with the prevailing south westerly wind pattern , may maincain the

l r e c k g r o u n d  levels observed at CD~ This was suppor ted  by the November ra in

sample.- which indicated that the atmosphere was near equilibrium with seawater

with respect to the C
2
— and C

3
—benzenes at that t ime .

Superimposed on this background , there may have been s h o r t — t e r m  e f f e c t s

related to touri ot and recreational activities on Cape Cod .

Additional work is required to study the “off season” effects. Also ,

m a ny  assumptions concerning the sinks of these  r e l a t i v e l y  r e f r a c t o r y  hydro-

carbons have been made and need to be investii~ated . Finally, the development

r f  Ie - pe cdahle analytical methods for air samples is needed to comp l ement

the reliable proc e- dures  a l r e a d y  ava i l ab l e  fo r  w a t ~e .- r  samples.

I
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CHAPTER 5. VOLATILE ORhANIC COMPOUNDS FROM BENTHIC ALGAE AND SEACRASS

INTRODUCTION

Marine benthic algae are known to produce a variety of volatile

organic  compounds (chap te r  1) which may be secreted , excre ted , or releasec

to the surrounding seawater on death , senescence , or structural deteriora-

tion. In a year—round study of the volatile organic compounds in the

coastal region of Vineyard and Nantucket Sounds , several compounds vere

suspected to have been derived from benthic algal sources (Schwarzenbach

et a l . ,  1978; chap te r  3). These included hydrocarbons such as pentadecan

and halogenated compounds such as bromoform . This chapter details effort

to assess the input of these volatiles to seawa ter from benthic algae and

seagrass .

METHODS

Algae and seagrass were collected in the vicinity of Cheirotaxis Dock

(CD). Table 5—1 gives relevant information. Efforts were made to avoid

epiphy tized plants , tha t is, plants on which other spe cies of algae are

a t tached  and l i v i n g .  Howeve r , it was impossible to exclude all other

organ isms . The algae were placed in 2—liter reagent flasks filled with

seawater and toppered. The flasks were then anchored on the bottom at

CD or stored in outdoor running—seawater tanks at a nearby laboratory .

The algae were exposed to ambient sunlight and temperature conditions

during incubation . After 24 hours , the flasks were purged for 1 hour (wi

the algae still in p lace) with recycled air at 20°C (except the May samp ]

a t 35°C). The eff icient volatile organic compounds were trapped on a chai

coal trap which was subsequently extracted with 15 tel of CS
2 or CH,C1

2
.

Gas ch romatographic  analyses were made using a Carlo Erb a model 255~

— 1 7 6—
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Table 5—1. Date of collection and dry weight of benthic algal samples

collected near CD. Also shown are the seawater temperature

and the insolation (average for month) at the time of

collection. 
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gas chroe:cotograp h equi pped w i t h  a flame ionization de tot -t or (FID) and

sp litless Injector. Samples were chromatographed on an SE ~4 glass

~- i p 1llarv column (0.32 mm i.d. x 20 m long) purchased from Jaeggi (9043

Trogen , Switzerland) and on a UCON HB 5100 glass cap illary column (0.3 mm

i.d. x 20 in long) supplied by Dr. K. Grob (EAWAG , Dubendor~~, Switzerland).

The col umns were held at room temperature for 8 m m .  and then programmed

from 20 to 200°C at 3°C/mm . for the SE54 or 20 to 180°C at 3°C/m m .  for

the U CON. Helium was the carrier gas (ca. 1 mi/mm .) Compound concen-

trations were calculated based on peak height relative to the 1—cl—nC
8

standard and were not corrected for stripp ing eff iciency and FID response

(e.g. the FID is about 4 times more sensitive to l—cl—nC Q than to bromo—

f orm on a we ight basis).

Gas chromatograph y—mass  spectrome t ry was performed on a Finnigan

3200 CC— M S system using an SE52 glass capillary column (0.3 mm m.d . x 20 in

long). Electron impact spectra were acquired with an electron potential

of 70 eV. Chemical ionization spectra were obtained with methane as the

reagent gas at 950 p and with electron energy of 130 eV.

RESULTS

Table 5—2 lists the major components identified , the CC retention t imes

on the two columns, and whether El or CI spectra were acquired . Sample

spec t r a  are shown in Appendix V. Retent ion indices were calculated

rolative to the even l-chloro—n—alkanes .

Alg al production and release of individual volatile organic compounds

has been estimated by subtracting the seawater control concentration from

that observed w ith the algae , and then dividing by the we ight of the samp le.

fle - ~~ - r e s u l t s  are shown in Table 5—3 for the hydrocarbons  and  Table 5— 4 f o r  t h e

halogendted methanes. Most of the discussion will be restricted to samples

wh ich showed more than S t imes the concentration of a given compound relative

to the -ou t rol —o- cw~i ter . Increases of only 2 — 5 times over control levels
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Table .5— 2. R e t e n ti o n  indices (RI)  on SE54 and UCON HB5100 glass cap il l a ry
colwnns for  hy drocarbons  and halomethanes released to seawater
by marine ben th ic  al gae.  Crosses ind icate mass spect ra  (shown
in Appendix V) available from samples.

F

~C 
- - ~- -~~‘~~ --~~~~‘ -~~~~ - -~~~~ - -  -, - -4- ~~~~~~~~~~~~~~~~~~~~~ 

s-~~~--~~-~- r - ~~~~~~~~~~ -~~ S.. - -p--- -—



—1 81—

UCON RI
Compound SES4 P1 HBS100 El  spec CI spec

pen tadecanc 415 388 x x

— 
heptadecane 512 485

17:1 507 480 x x

17:1 500 480 x x

CHBr
2

CI 075 140 x x

CH2BrI 081 075 x

CHBr
3 

123.5 189 x x

CH212 139 149 x x

RI def ined with respect to 1—chloro—n—alkanes

50-100 : IclnC 5 — lclnC
6

l 0 0— 2 0 0 : lc l n C 6 — lclnC
8

2 0 0 — 3 0 0 : l c ln C 8 — lc lnC 10

300—400:lclnC 10 — lcinC 12

400—500:lclmC 12 — lclnC 14

500—600:lclmC 14 — 1 c lnC 11
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Table 5-3. Hydrocarbon release rates (ng/gm dry weight/day) from algae
into seawater. Values in parentheses  indicate that seawater
concen t ra tions of hydro carbons af ter algal incubation were
2—5 times greater than concentrations found in the control
seawater. Other val ues represen t increase s in seawa ter
concentrations of hydrocarbons of more than 5 times over the
concentrations in the control seawater.

- ---.5--s 

.-
~ ~~~~~

4 k~~~~5- -~s ‘~~~~ 441- -~~~~~ ~~~~~~~~~~~~~~~~ ,-n~~~~ --.. ~~~~~~~~~~~~~~~~~~~~~ ~~~~ -. .~~ - - -



-1~~~-

4) N- Cc

U -

-C

- -u r— ’ C

~~0 U

c c—
‘V r—~ — —S

NI
ci ‘— — -

~~~

to -r N- 0’
— — . . . -~~~

U C) C~ 0 C C C s—I C -~~
0 c-i ‘— -...‘ -t - .- ~

-
~~ CC CC cc CC’ GD GD ~ ) CC CC CC a) GD GD
N- N- N- N- N- N. N- N- N- N- N- N- N- N-
a a’ a’ C - c~ a- a’ a- ’ a- a- ’ 0’ a- ’ a-

- 
P—I s-I s—I — s-~ s—I s-I s--I —4 s-~ s—I

c--i CC NJ NJ Ni GD GD NJ
Cc s-’ Ni s-.4 c-H s-I r-I c-i

~f 4) 4) 4) 4) 4) 4) 1~J 4) 4) ‘- DC
cc~~~~~C ) Q  Ccl C) C) ci C) C~J C) ti

~~~ < 00  Z 0 0 0 0 C 0 0 C

cc
-s-I

A-s
Ccl
4.1
a
C)

C
s—s

C))
0) 0

— C
.0

0 0.
C~ S
0 0 c’3

4.1 s-I C/)
5 0 -s-I

C.) 0 S s-I
c co . - ccl

0 - 0 0  — 0) 0 0. 0. C.) Cl)
Cl) S S CO 0. ‘0 P.. 0. —e 5
0 0 0 0  -~~ 

.,-I 0 0) Cl) S — 0. tO
e.-l s-1 ,-~ s-I c~) — 0 s-I -..4 to . a
5 5 0 0  ‘0 -s-I ‘0 ‘0 ..0 -s-I 0.

‘4-4 ‘4-4 5 Ccl Dl) .0 ~~ 5 I-. 0.
( D I  ~~~~~~~~~~~ 5 4.1 to 0. cc S S C) Cl)

0 4-. ! C O C O C C O  Ccl 5 s-I I-i I--s -s- C
0 >-J c i 0 ) ’ V W  -H S — .0 ‘4-s 0 :- .0 to to S cnI
cc .01 0 Ci) >-, 5 0. 1-4 5 5 (01 to

01 0 Ci) .0 0 5 0 D—~ -s-I ~ . I-s -H ‘01 I-s
C C O c O CO CI) s-I C’3 0. 1.4 5 I.e Cl) .0 ‘0 5 1-.! 0)
0) 5 5 5 0  ccl Dl) 0 0 -‘-4 0) -ci ~~ 0. 0 CO 4)
to U c i U c)  4) I-i C) s-I ‘0 4~J 0 s-I I-s C I--s ‘0 Cl)
.0 0 5 5 5  0) CC) Cl) .0 0 0 0 0 .0 0) 0)
0-. ~~~~~-s~~ -s- 0-s Ct) -~~ U U C -  0-. 0-. U U Cl) N.

5% 
- 

:~~~~~~~~

“

~~

‘

~
- .-- ~~ ~~~~~ ,.j *, 

-~~ ., - - ~ ;c ~~~~~~~~~~~ - - — --



—184-

Table 5—4. Halomethane release rates (ng/gm dry weight/day) from al gae
Into seawater .  Values in parenthesis indicate that seawater
concentrations of halomethanes after algal incubation were
2-5 times greater than concentrations found in the control
seawater. Other values represent increases in seawater
concentrations of halomethanes of more than 5 t imes over the
concen trations in the control seawater.
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are shown in p a r e c I t h I - ~~~s. The lC-wI-r limiti. ,illow ,issurance that observed

c o n c e n t r a t i o n  increases cannot  be due to a n a l y t i ca l  i m p r e c i sio n .

DISCUSSION

Pentade~:ane was observed to be produced and released in large quantiti es

in three samples: (1) Fucus , brown alga , May 11, (2) Petalonia/Sc to~~~i l ntc ,

browns, May 1 1 , and (3) Enteromorpha, green , Oct ober 2. All of the other

samples of brown algae showed small (less than 5 times the control sea-

water) releases of this compound. The other Fucus samples may not have

demonstrated the strong pentadecane release capacity for reasons of method

or p h y s i o l o g y .  Whi le  the  May Fucus sample was s tripped at 35°C , all  of

the other Fucus samples were stripped a t 20°C and f o r  this reason may not

have large pentadecane enrichments. This interpretation was not supported

by find ing only 6 ng nC15/gm juvenile Fucus stripped at 50
°C as compared

with 0 rig nC15/gm Fucus (May 11) stripped at only 35°C. Thus , while there

may have been some effect of the temperature of stri pp ing , It seems that

other factors must also have been involved.

S.-asonal d i f f e r e n c e s  in the physio~ og-,’ of Fucus at different times of

year  may have been important. Conover (1958) found that Fucus was ‘5 dormant ”

locally in ~.4e months of July and August , but had maximum growth iri the

months before and after this t1me~ Mathieson et a l .  (1976)  have shown that

spring and early summe r Is tlic ’ period of maximum growth and reproduction

of Fucus vesiculosis in a New Hampshire estuary . Consequently, the May

sample of Fucus may represent a physiological condition different from later

samp les .

Blume r and his coworkers (Clark and Blumer , 1967; Younghlood cit. al.,

1971; and Youn g bloud and Blume r , 1973) have showed the predominance of

pentadecane In brown algae . They have reported 10—100 pg nC 15 /gm dry

weight algae . Even the largest release rates , calculated for the brown

S 
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a gal s taples from the ~ Io-~ - c-t s-t rk , would  take many  C _ If ) CI t J I S  1 -c- 1 : -J I i i ~-

reserv ft O C  pent.Ith- 1 - c O  hei-c e :i~ ~~l e .  ‘lheref re , th ese rc le;ts - r i t es

0 1) 15-a r r~ -;is ormibJ s. -

These iives t l ;ot sirs h ive also iepo rted sc i’ewhat l ower Ic ’s- I c-i III j ) - C ) t 0

I.e inc i n  the green a I ga , toil I - c -  ‘uci rpua , of I - - g/gm . The h i g h - r rate of

- -l.- i~~- of pi-otadecane from the aample of ut.- rorccor j~t i~ examined in t h i s

stcid’c mrr.’ i ndic ~~to a greater 
‘ leakiness” of this alga . This plant shows

a li~ gh sur face—to—va in , r a t i o  rd a t ive  ti its hi - c--rn counterpart , Focus.

Even If hand l ing of this fragile form caused the  observed production ,

similar damage is to he expected in the environment. This alga l ives in

the shal L-west  w at e r s  and s i t u - c s  rs li ~i1g waves and occasional exposure.

Si;TIple calculations may be made to see if  the release r at e s  i n d i c a t e d

by t sc-se o~ p .cr loonts ma-i be respons ib le  ~ cr the obse rved  leve ls  of p e n t a —

de carnic in  hO s e . : i w a l s c- I  . A typ I - - i i  b en th i c  a lga l  b iu r i a s s  for this region is

given by Conove r (1958) as ranging between 1.5 and 4 kg wet wei ght/rn
2
.

A ssu ming  L h e s c  p l a n t s  i re  KQ~ water , t h i s  conver t s  to  300 to 800 grn d r y

wc- 1~ ht al gae/rn
2
. At a produ cti on and release r a t e  of 30 mg/gm dry w e i g h t /

day and assuming  the -Ivercige residence tic -ne of water at CD is 2 days (oh 3&4),

a s ta n d i n g  s tock  of pentadecane as much as 18 to 48 ~ig/m
2 

may be expected .

t o r  a 2 -~ t i - c  w a t - - r  column , this co r r e s p o n d s  to 10 to 2 ( 3 rig nC 15/ l it e r

s e aw a t e r .  ~ i- - i r 1 y  a l l  o f t h e  seawater samp les - -i ssessed in the  year—rou nd

~tudv at Ci) were in this conc en ’. r a t i o n  range ( f i g u r e  3 — 1 6 ) .  On three

ocr- i s i on s  ( J u n e  m d  September , 1 9 7 7  and M ay—June , 1978) p entadecane love Is

irc iea~ - ite r r n e  dr ~r n - i t  i c-i l l y .  These inc iden t s  may r e f l e c t  p a r t i c u l a r l y

s t r u n g  storm cii - t i v i t y  i h c s t  roy ing - ilg.-il s t r uc t u r a l  in t . -g r  -.- md r e l e a s i n g

p s -n t  a c - I t . i r e  to the  s e aw a t e r .  On the  o t h e r  hand , a ]  go I physiology, which

is closely al igned w i th  en v i r o n m e n ta l  p a r a m € - t e i - c--; such as l i g ht and tempera-

ture , moy be resp onsible. Since t lit -sc parameters are changing rap idly in

‘(
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tune and Sept embe r , it may i s - more rensonable to ex ;cei t alga l physi ology

changes to cause the observed pentadecans- si c-ise nal increases. Alga l in—

cubatlon s conducted preci sely at these times of cr -ar are necessary to

confirm this hyp othesis.

Su r p r i s i n g i y ,  h ep t a d e c a n e  was nut  p roduced  and re leased  at hi gh

rates in these Incubat ion experiments. This lack of r e l e a s e  i s  in s t r o n g

contrast to the c ase  of pentadecane. Previous workers ((;lark and Blurrie r ,

1967; Youngblood et al ., 1971; and Youngblood and Blurne r , 1973) hav e re--

p o r t e d  th e  i m p o r t a n c e  of t h i s  hy d r o c a r b o n  In red : i l g m e .  They found b r —

t wr-r -n 100 and 1000 o g / g m  dcv  w e i g h t  of ced al gae. A t  most , o n l y  a few

ng/gnl dry weight/day were found in the  present experiments. A standing -rup

c a l c u l a t i o n  similar t i  t h a t  p e r f o r m e d  f o r  pentadecane  ind ica tes  t h a t  t h i s

rat s- would support m l ’ a u t  0.5 t o  2 m g/ l i t e r  seawate r .  Many of the  CI)

v€ .r—round values are only slightly above th i s  c o n c e n t r a t i o n  range - Peak

heptadecane concentrations at CD may be der ived f r o m  a l ga l spec ies or

phys I ulogica I stages of al gae not  inc luded  in these s tud  les .

Thu tW O gr e e n  al gae st u d i e d  revealed very hi gh production r a t r - c- t a r

s- me u n s a t u r a t e d  17—carbon  compounds .  The r e t e n t  Ion  t i m e  and CCMS d at a ,

a long w i t h  t he  work of Youngbl ood et al. (1971), su ggest  t h a t  t I m e com-

pound f rom E n t e ro mo rjtha i s  c i s — 3 — h e p t a d e c i - r i s - . S i n c e  t h i s  compound shows

such a hi gh r i - lease  r a t e , one would expect  to ohs .-  ry e  i t  a long w i t h  p - c i t a d e —

c a ne  in s eawa te r .  T h i s  compound was not  seen in CD seawater and tr --i f I i crc - s

t he  s u g g est i o n  mad e by Schwarzenba ch cit  al. ( 1978)  t ha t  brown h e n t h i c  al gae

we re t i m e  m a j o r  s -u r i c o f  p en t a d e c an e .  Codium also d e m o n s t r a t e d  p r o d u c t i on

and rr- lo ist- of  ; i n ot b ~ . r tinc -m ntur c- i ted heptadecene -

* — - ~•• i~\ - ~. - ~~~~ ~~ k-~ ~~~~~~~ ~ - . - ‘t~~~~~ i ~ WL~ ,~ar~.44 c-~- tr - - - -~ - . - - - -



Pr i n t  loci o f  l m i l ’ g s  h~~t e I c-c t i c-es was found iii these i n c u b i —

t i c - i l l S .  A l  I of r11 -s , - -- c - cc -p ou nds l i i y , - been c- rm-\-lousl y ri-ported f r o r i  c-i

r ed ; il- .a , As~p c - m ra~ a~ sis t n x ~ tormi s (Moi re , i c -c76) . Halcigecia t ion i n

t i m e  Rh i d op l i v t  ii has been extensively documented (sc- u Fenic al , 1975

for r e v i e w )  , I c - c - i t  i i t t  it- work has been  done on o the r  al gal c i as ;a - s .

M ern hr  rs of every ; : t lgn l  c lass showed prod ~-dan of b r o m o f o r m

( t r i b r o m o m c c t h a n e ) .  Th in low l eve l s  of a p p a r e n t  p r o d u c t i o n  by the

vascular p lant , Zostera , were quite startling, however. Epiphytic

a l g i e  or attached microorganIsms may have been respons ib le .  Also

inc - m y have ac cu rnui lat Cd i- Ic -  i s  compound  f rom the  s u r r o u n d i n g

seawa t er  - n l y  to re lease  i t  upon s t r ipping.  These sor ts of “pr o —

d i c t ion ’ mechanism s  c - c - si y a l so  he ope ra t i ng  fo r  some o f  t he  a lgae  o x —

aminecl ari d e xo l a i n  the p r ev a l e n c e  of t h i s  p r o d u c t i o n .

An e x a m i n a t i o n  of t h e  Fucus da ta  augges ts  t ha t  m a x i m u m  re lease

of bromotorm occurs in the middle of the sumner , at a t ime when the

a a e  may have been d o r m a n t  (Conover , 1958) .  i f  a t r i h r o m o - 2 - - i- - e ro- -

compound were p r e s e n t  in t he  e s s e n t i a l  o i l  ‘if t h i s  hr ’scn a l g a  and

nc - c - c : -  r e - l e a s e d d u r i n g  t h i s  per iod  in to  t l m c  sea~ s i t r - r , d er o m p os i t  i on to

p rodu c€ -  br omo I c - i  r r n  W O O l  d 01- c u r  (B u r r e s o n  c t al - , I ~ 76 , q u o t e d  in Moore ,

1 9 7 7 k .

Lesser m u m  t S o c i i i  or o d i b r o m o m e t h an e  were a lso r r e q u en t i  y

p roduced  w i t h  b r o m o f or m ; howev er  s t r o n g  p r o d u c t i o n  of  t h i s  c im —

pound was c o n f i n e d  to the brown c - i l  g o t . - samp les  -

Sc-lease  rates of  2 0— 6 0  rig l m : i i o f o r m */g m lrv wei gh t / d a y  suggest

t h a t  standing st -n - k -c - of 1— 2 ng */i i t or  s - - aw ; m t e r  would  r e s ul t  in c o a s ta l

s e a w a t e r .  S o c - h  levels of b r o m o f o r r n  were obse rved  in the y - a r — r o u n d

*Nc-)te t h a t  these wei ght  va l e-c -- i  und e r mc s t  i c-cc - itt- t h e  t r u e -  h a l o f u r i n  l eve l s
due to  i n s e n s i t i v i t y  ~~ mci F l i)  rd — u t  I ye to the 1 — c l — - n C 8 i r m t t- i - t u a l  -c t  indard .
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study in some summer samples (Schwarzenbach et al., 1978; chapter 3)

and in the August and October control seawater samples of this study.

Two dihalomethanes were also found. These were produced at

about 0.1 times the rate of the trihalomethanes. This may reflect

the greater difficulty of cleavage of the dihalo—2—keto—compounds

relative to that of the trihalo analogues. The presence of iodine

in both of these dihalocompounds would serve to enhance this cleavage.

0

X3C--C--R 
k X

3CH + HOCR

0
k/lo?HX2C--C--R 

- X2CH~ + HOCR

Release rates on the order of several ng/gtn dry weight/day sug-

gest that standing stocks of less than 1 ng/liter seawater would re-

sult. Thus detection by the FID would not be expected and indeed

the CD year—round samples did not reveal the presence of these com-

pounds. However , future work utilizing an electron capture detec-

tor m ay be fruitful , since this detector is particularly sensitive

to halogenated compounds.

Undoubtedly, many other compounds substituting halogens for one

another were present in the algae of this investigation , but were

not seen due to limitations of the methodology (e.g., iodoformn may be

too soluble and have too high a boiling point to be stripped).

One potential problem with this study is that algae may be

artificially induced to release the volatiles to seawater by

the experimental conditions. However, since algae do not have root

systems, they do not die upon disengagement from the seafloor.

-
~~
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Also , wave action is frequently very strong in the shallow near—

shore region and may be expected to break up algal structures. It

was hoped that by restricting the period of incubation to only one

day and by controlling the flask temperature at that of the ambient

L environment , the chemistry of the enclosed seawater would not dras-

tically change and cause unnatural release of organic compounds.

The stripp ing process may also alter algal production and re-

lease of the volatiles. Warming the samples and agitating the algae

with vigorous bubbling may influence the release of these substances.

The efficiency of stripping a water sample with a large algal sur-

face area included is unknown, but might be expected to be lower

than that containing only water due to competition between the sur-

face and the compound in solution (i.e., a “strippable” state).

Despite these reservations, the data do indicate that hydrocar-

bons and halocarbons are released at significant rates by various

marine algae into seawater.

The purpose behind the biochemical synthesis of the halo—compounds

is unknown . Fenical (1975) suggests that they may be utilized as

anti—microbial or anti—herbivore agents. Thus a topical location

of these materials would be most useful and their consequent release

to the seawater would be expected to be easier than for hydrocarbons.

If competitive advantages exist , it would also be useful for a

higher marine plant such as Zostera to accumulate these compounds

from seawater. Also it may be particularly advantageous to maximize

production in the summer to protect plants during this period of

Intense grazing by animals.

- -‘ ~~~~~~~~~~~~~~~~~~~ 1- ’~~ •% ~~~~ ~~~~~~~~ ~~~~~~~ ~~~~ -, ~~~~~ ~
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Surprisingly, the Rhodophyta showed the least ability to re-

lease these halogenated compounds. These algae are well known for

the halogenation of terpenes and other mnetabolites (Fenical , 1975 :

Crews, 1977). The studies of the red algae have typically in—

- 
volved destruction of the plant structure and therefore may not per-

tain to the introduction of compounds into seawater. It is possible

that the physiological status of the red algae samples in these

studies was such that the release of halocompounds was low.

Study of more algal classes with nondestructive conditions is

necessary . Work to determine possible communication mechanisms us-

ing these chemicals in seawater may also be useful. Study of the

degradation of these natural products may lend insight into the

processes degrading more complex industrial halogenated materials

(Fenical , 1975).

SUMMARY

Evidence for the production and release of several hydrocar-

bons and halomethanes by benthic marine algae was obtained .

The observed rates of release to seawater were consistent

with the levels found in most CD seawater samples obtained in a

year—round study of the region .

Seasonal physiological changes of the algae may be the most

important factor controlling large inputs of volatile organic corn—

pounds to seawater.
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CHAPTER 6. SUMMARY AND CONCLUDING REMA RKS

The major objectives of this thesis were to identify and quantify

volatile organic compounds in seawater, and to deduce their sources,

transformations, and transport mechanisms . Two approaches have been

taken to accomplish these goals. First, samples from 3 open—ocean regions,

the Sargasso Sea, the western Equatorial Atlantic , aid the upwelling region

off Peru, were analyzed for volatiles, and correlations with ancillary

data were sought. In the second approach, temporal variations of the

concentrations of volatile organic compounds in coastal seawater were

Investigated and interpreted by comparison with those of known coastal

processes.

Open—Ocean Seawater

Total volatile concentrations found in oligotrophic surface Sargasso

Sea samples were only 10—30 rig/kg, while total concentrations in samples

from the biologically productive upwelling region off Peru were about

100 ng/kg.

Pentadecane was found in surface seawater samples from all 3 regions,

typically at 10—40 ng/kg. This compound was not derived from fossil fuel

inputs as other homologues (e.g. nC14 and nC16) were present at only

trace levels. Based on a calculation, it appeared that a phytoplankton

source was improbable, as the literature suggest that these organisms do

not contain sufficient amounts of peritadecane. A transformation of the

abundant fatty acid , hexadecanoic acid , to pentadecane by zooplankton , in

a manner analogous to the production of pristane from phytanic acid , may

have been the source of open—ocean pentadecane.

—19 3—
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Three deep samples (ca. 2OJOm) contained high concentrations of

pentadecane. In situ productio~i or vertical transport and release at

depth do not seem likely to be :he source of this hydrocarbon occurrence.

Advective transport of North At~antIc Deep water may have carried this

fairly stable organic compound i’rom the biologically productive surface

formation sites to the deep ocedn.

C
2
—benzenes were found in the recently upwelled surface water off

Peru. Concentrations of me ic  .- pa:a xylene were about 4 ng/kg at 5 and

20m, about 3 rig/kg at lOOm, and about 2 ng/kg or less in the deeper

samples. This distribution li.?lcctes ~ surface or atmospheric source.

The air concentration necessary for the atm osphere to have been a source

was 1—2 ng/l—air.

Vertical transport of m + p xylenes was indicated by the anomalously

low concentrations of these dro~aatic hydrocarbons in 5— and 20—rn samples

at stations 4 and 5 off Peru and by an unusually high concentration of

these compounds in seawater collected near the bottom at station 4.

Low nutrient concentrations in these surface seawaters revealed that

intense phytoplankton production had occurred , and if the in + p xylenes

became associated with biogenlc particulate matter , subsequent sedimentation

and remineralization near the bottom may have introduced these compounds

to deep water.

An unidentified alkene (mw 108) was recovered at up to 30 rig/kg from

surface seawater samples froi~ the upwelling region off Peru. The GC

retention index and mass spectra of this compound showed that it is

probably structurally related t~ fucoserraten, an unsaturated hydrocarbon

used by the benthic alga, F*~’;s . as a sexual chemotactic signal. The

unknown compound may be formc l “y Iso-m~rIzation of fucoserraten (trans,

~ 
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cia—1 ,3,5—octatriene) to a more stable isomer (trans, trans—1 ,3,5—octatrjene) ,

and therefore Fucus may be the ultimate source of this material. However ,

planktonic sources cannot be ruled out.

C6—C 1~ 
aldehydes were found at 1—10 ng/kg In seawater off Peru. The

correlation of their concentrations with chlorophyll a levels indicates

a phytoplankton source. An even closer direct correlation of their concen-

trations with oxygen was found and led to the hypothesis that these alde—

hydes resulted from chemical oxidation of algal—produced metabolites,

for example, unsaturated fatty acids. If unsaturated fatty acids were the

precursors of aldehydes , the mechanism of this postulated reaction must

have involved the intermediates free to rearrange rapidly (e.g. a vinylic

free radical) so that similar abundances of these C
6
—C
10 

aldehydes would

be produced .

Coastal Seawater

Total volatile concentrations found in a study of coastal seawater

were between 200 and 500 ng/kg . Higher total concentrations coincided

with the late—winter phytoplankton bloom. Anthropogenic inputs of hydro-

carbons caused similarly high total concentrations .

All of the C13—C~ 7 alkanes and pristane were found at relatively

higher concentrations after a nearby oil spill. The “carbon preference

index” was near 1 at that time and corroborated the assignment of these

compounds to a fossil fuel source.

Pentadecane and heptadecane showed separate large concentration

increases up to 80 and 20 rig/kg, respectively, in the summer. The high

“carbon preference index” assoc iated with these concentration maxima

,.~~~ ~ 4le ~~~~~~~~~~~~~~~~~~~~~~~ .~~ .~ .~~~ ‘? - %~~ - - - ~-
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indicated that these hydrocarbons resulted from biological inputs . It is

known that benthic algae contain pentadecane and heptadecane , and a calcu-

lation demonstrated that it was reasonable to propose that these algae

were the source of these saturated hydrocarbons .

The C2— and C3—benzenes concentrations covaried temporally in coastal

seawater. They were most concentrated after the oil spill and after summer

weekends. Summer weekends are peak periods of tourist and recreational

activities in this coastal region, and strong inputs of C2
— and C

3
—benzenes

were attributed to the uses of fossil fuels during these activities.

An unknown compound (mw 108) was found at about 20 ng/kg in coastal

seawater of Vineyard Sound in February and March, 1978. GC retention data

and mass spectra shoved that it was identical to the unknown compound

recovered from off Peru and was similar to fucoserraten , the sexua l

chemnotactic agent utilized by benthic algae , Fucus. The appearance of this

unsaturated hydrocarbon compound coincided with the time of year in which

Fucus were expected to be reproductively active. As was the case for the

region off Peru, rapid isomerization of fucoserraten may have yielded

the observed unknown compound .

Naphthalenes were found in coastal seawater at about 1 ng/kg in the

summer, and as high as 5—10 rig/kg in the winter. The naphthalene to

methyl naphthalenes ratios of the temporal study samples oscillated sinu—

soidally such that maximum ratios near 1.6 were found in the winter while

minimum values of 0.8 appeared in the summer . This may be due to more

indirect inputs (e.g. via the atmosphere) of naphthalenes to coastal

seawater In the winter allowing more fractionation of these homologues.

C6—C 10 
aldehydes were also found in all the biweekly seawater samples

from Vineyard Sound . The concentrations of these compounds Increased

1~~—~~ ~~~~~~~~~ 
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markedly during the late—winter phytoplankton blooms of 1977 and 1978.

Oxidation of algal unsaturated fatty acids may also produce these aide—

hydes in coastal seawater as suggested for open—ocean seawater.

In addition , C12—C 15 aldehydes occurred at very high concentrations

in February, 1978. Tridecanal was recovered at more than 100 ng/kg.

Cultures in log and stationary growth phase of Thalassiosira nordenskioeldii,

the predominant diatom found in the late—winter bloom , did not produce

these aldehydes. Oxidation by zooplankton or photochemically—produced free

radicals may be necessary to produce these aldehydes from algal metabolites.

Dimethyl di— , t n — , and tctrasulfides were found at up to 20 ng/kg

in coastal seawater . The observation that the first 2 hours of stripping

frequently recovered less of these polysuif ides than an additional 2 hours

of stripping led to the conclusion that formation of these volatile sulfur

compounds must occur within the sample. Marine microorganisms are known

to produce methyl mercaptan , which may be oxidized to dimethyldisulfide.

Reaction of methyl mercaptan or dimethyldisulfide with elemental sulfur

will yield other polysulfides . These polysulfides may also be derived

from degradation of other polysulfide mnetabolites .

C—~~ and C-~—benzenes ifl Coastal Seawater

Additional work was performed to describe the sources of the C2— and

C3
—benzenes to coastal seawater. Short—term studies carried out over

sunnier weekends showed that large inputs of these pollutants occurred at

these times (2—10 fold concentration increases). The highest concentrations

ever found coincided with ski boat activity in the immediate vicinity of

the sampling site. The C2— and C3
—benzene isomer distribution of the

1. - - ~~~~-; ~~~~~~~ ~yb’ ~ .. -
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average year—round sample data most closely resembled the distribution

found In gasoline and auto—exhaust —dissolved—in—seawater. The largest

deviations of the average year—round isomer distribition from these

laboratory—determined distributions was for peaks containing para—

substituted benzenes. These particular isomers may be preferentially

degraded , for example by microorganisms ,

C
2
— and C3-benzenes were not homogeneously distributed in surface

seawater collected near CD in the fall , spring , or summer. Rain samples

from June and November contained lower or equal concentrations of these aromatic

hydrocarbons than seawater. Oyster Pond, a nearby freshwater pond on which

motor boats are not allowed , had lower concentrations of Ci— and C3
—benzenes

than seawater samples from CD collected at the same time in August and

September . Atmospheric levels of these compounds measured at CD in August

and September were also below those expected for equilibrium with coastal

seawater. All of these results are consistent with the hypothesis that

the atmosphere was not a source of C2— and C3
—benzenes at CD from the

spring through the fall.

Low concentrations of C2— and C3—benzenes in samples from inland

sites showed that runoff through these relatively undeveloped regions

dilutes seawater with respect to these compounds.

Hydrocarbons and Halomethanes from Benthic Algae and Seagrass

Algae released hydrocarbons and halomethanes to seawater during

day long Incubations . Pentadecane, heptadecane , and bromoforrn were

produced at rates which may support the observed coastal seawater levels.

The other compounds were not identif led in the year—round study and release

rates suggest that they would appear at only trace levels.

.-,—--. ‘
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Pentadecane and the halomethanes were found espec ia l ly  in brown

algae. Two green algae produced 2 d i f f e r e n t  17—carbon mono— unsaturated

hydrocarbons.

Zostera marina, a higher vascular plant , also released bronmoform

to seawater. This observation suggests that Zostera, and other algae,

may concentrate it from seawater.

Volatile Organic Compounds Not Detected in Seawater.

Volatile ketones, esters, and ethers were not detected in seawater.

The methodology used was capable of the analysis of suitable representa-

tives of these compound classes. Esters are known to have biological

sources , but they were also found to be rapidly degraded chemically in

seawater (half life of a few days with respec t to hydrolysis in seawater).

Ketones and ethers are at least as stable chemically as aldehydes , therefore

their observed absence may be attributed to insufficient sources.

Several other volatile compound groups were not detected , and there-

fore upper limits for their occurrence in Vineyard Sound seawater of less

than 1 rig/kg have been established . Lower n—alkanes (nC
8
—nC12), prominent

constituents of petroleum products; chlorinated benzen~s, produced by

chlorination of sewage and drinking water; and halogenated terpenes , known

from red algae of shallow Pacific coast regions, were not detected .

Terpenes were also unde tectable. This result is consistent with the

following scenario for delivery of C
2
— and C

3
—benzenes and terpenes from

land to the sea. The terrestrial sources of both generate atmospheric

concentrations of individual compounds of 1—40 n/l—air near the site of

input. The tertiary and allylic hydrogens of the terpenes and the benzyllc

~~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ . - -
~~~~~~~~
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h y d r o g e n s  of the C 2
— and C

3
— he nzene s , a r e  very r e a ct  ive  w i t h atmospheric

1 r e  r a d i c a l s  ( e . g .  O i l - ) .  D a r n a l l  et a l .  ( 1976)  r epor t  t h a t  terpenes

(1 imonent and b e t a — p in e n e )  arc  a t t a c k e d  by 0H l~-3 t imes f a s t e r  t h a n  t i m e

most  r ea c t i v e  C
3

—henze n e . Therefore, decomposition of I n d i v i d u a l  torpenes

is faster than that for C2— and C3—benzenes during atmospheric transport.

Relative transfer into seawater may be described by consideration of the

relative partition coefficients. Solubility data for terpenes are not

available , but an estimate of these values may be made using an empi r i ca l

relationship of molar volume and log solubility (McAuliffe , 1966). Utilizing

this approach , one finds that terpenes are about an order of magnitude

less soluble than C
2
— and C

3
—benzenes. Thus since vapor pressures for

terpenes are similar to those of C
2
— and C

3
—henzenes , one may conclude

that the terpenes will partition between air and seawater such that the

proportion of a terpene compound dissolved in seawater will be about an

order of magnitude less than that for C
2
— and C

3
—benzenes. If atmospheric

contributions to the C
2
— and C

3
—benzenes in coastal seawater at CD

support the observed background levels of 1—10 ng/kg (chapter 4), then

terpenes could well be present at less than 0.1—1 mg/kg , hence escaping

d e t e c t i o n .

Future Work

While this thesis adds to our knowledge of the spectrum of low—polarity

organic compounds In the analytical window from n—octane to n—pentadecane ,

additional work is still required to determine the volatile organic fraction

boiling between n—pentane and n—octane . This unstudied fraction contains

many of the compounds used as solvents and consequentl y may reveal strong

- 
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anthropogenic Inputs . Work in this area must include ex t r a  precmt ions

to avoid spurious results derived from laboratory contamination. Thin

problem has made the results on toluene from the analyses reported it -i this

thesis difficult to evaluate .

Benzenes and naphthalenes are presistenc constituents of ceastnl

seawater. The transport of volatile aromatic hydrocarbons to seawater

is incomp letely understood . The elucidation of the role of the atmosphere

as a source or a sink of these alkylated benzenes and naphthalenes to

coastal seawater awaits the simultaneous application of more detailed

air and water measurements. Also , little is known about the affinity of

these aromatic hydrocarbons for particles , their transport Into sediments ,

or their microbial degradation rates.

Additional work to confirm transformationc, -roposed in this thesis ,

is necessary . Also work to ascertain the roles of catalysts , light , and

special reactants , such as elemental sulfur, is needed so that these

reactions may be extended to predict effects on more complex organic matter

in the sea.

Additional work is necessary to confirm the identification of the

unknown alkene and its source. Since this compound , which may be a

chemical signal related to the sexual reproduc tion of a benthic alga , and

volatile hydrocarbon pollutants are found simultaneously in coastal

waters in Vineyard Sound and off Peru , the question arises : do these

pollutants interfere with the natural communication process?

Throughout these studies on the cycling of both natural and anthro—

pogenic compounds , It was apparent that much additional work on acquiring

basic physical chemical data , e.g. solubilities of compounds such as

aldehydes , is n.ieded.
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Application of sensitive selective detectors (e.g. electron capture )
detector) may reveal many additional natural (e.g. haloterpenes) and

anthropogenic (e.g. chlorobenzenes) compound s in seawater.

— --— ——— -
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APPENDIX I ANALYTICAL METHODS USED FOR THE DETERMINATION OF
VOLATILE ORGANIC COMPOUNDS IN SEAWATER

Introduction

This appendix describes the methods used for the analysis of volatile

organic compounds in seawater. These stripping methods have been adapted

from others reported in the literature (“Tenax”: Zlatkis et al., 1973;

Novotny et al., 1974; Bellar and Lichtenberg, 1974; Bertsch et a1~ , 1975;

May et al., 1975; “Grob”: Grob , 1973; Grob and Zllrcher, l97E). Experiments

performed to evaluate the methods will also be described. Finally , a

brief discussion of the relative merits of these methodological approaches

will be provided.

Sampling

PVC Niskins (5— atid 30—liter) with stainless steel or Teflon—coated

springs were used to collect seawater samples. The bottles were flushed

with tapwater and then extensively rinsed at sea before use. Bottles

were stored closed on deck.

A comparison of the volatile organic compounds in surface seawater

samples collected with a 5—liter glass round bottom flask and a PVC Niskin

did not reveal any differences. This was also seen for coastal seawater

samples (Schwarzenbach et al., 1978).

Sampling was always performed with the winds blowing off the sea

and onto the side of the ship with the hydroplatformn .

On the Sargasso Sea cruise , water samples were transferred through
q

the air into round bottom flasks . For the western Equatorial Atlantic

samples, water was transferred from the Niskin samplers through glass

—20 3 —
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t u b i n g  i n t o  round bo t tom f lasks . Fina l l y ,  on the Peru cruise , the  seawater

was passed th rough  pol ypropy lene  tubing , precoribusted glass f i b e r  f i l t e r s ,

and a s t a i n l e s s  s teel  f i l t e r  ho lde r  be fo re  en te r ing  the g l a s s  f l a s k s .  No

I n d l i a t io n  of con tamina t ion  by these t r ans fe r s  was found . it  seems tha t

L the  l imi t ed  con tac t  w i t h  open ocean air during t r ans fe r s  does not add

v o l a t i l e  organic  compounds at the rig/kg level . This was also found by

Schwarzenbach et a l .  (1978) for  samples t ransferred at coastal sampling

s i t es .

Tenax Methodology

The first method chosen to investigate open ocean volatiles sough t

to provide rapid and routine semiquantitative analysis of this fraction.

Based on the literature , methods utilizing Tenax as a solid adsorbent of

volatiles purged from aqueous samples by dynamic headspace stripping

seemed most suitable. The following is a description of the details of

this methodology as it was applied to the analysis of seawater samples.

Tenax tr~p~

The Tenax traps were made from 0.125” o.d x 1.5” long Pyrex glass

tubing. One end was firepolished until the opening constricted to less

than 1 mm. A glass wool plug was inserted and packed into this constricted

end. Then 6 mg 60/80 mesh Tenax beads (approximately 0.1 m2 surface area)

followed by a second plug of silanized glass wool were added. Individual

t r m p ~ were stored In Teflon—lined screw—cap vials which were previously

washed with soap and water and baked dry . The traps were cleaned just

before use by heating to 250°C under helium flow (2 mi/mm ) for 1 hour .

‘ 
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Tenax (App lied Science l ahoratortes , Inc., St~ t~ College , Pennsylvania)

is a polymer of 2,6—diphenyl—para—phenylene oxide that has been shown to

serve as a useful adsorbent for low—to—medium polarity organic compounds

(Zlatkis et al., 1973: Bellar and Lichtenberg, 1974; Novotny et al., 1974;

Bertsch et al., 1975; Dowty et al., 1975; May et al., 1975). It has no

affinity for water. Furthermore , samples may he stored on Tenax for several

weeks (Zlatkis et al., 1973). This polymer is thermally stable (up to

400°C; wan Wijk , 1970; Sakodynskii et al., 1974) and hence is suitable for

thermal desorption of a sample load in the hot injection port of a gas

chromatograph .

Stripper

The stripper (figure 1—1) reservoir consisted of a 2 liter “cool

coil” condensor with 24/40 ground glass joints. Below this was a glass-

blown piece including the frit (pencil shaped , fine porosity) for intro-

duction of the purging gas and a sidearm tube with a stopcock and ball

joint for sample input. Above the stripper was a Liebig condensor operated

at 15°C to minimize water transport to the trap (Zlatkis et al., 1973;

Novotny et al., 1974), An adapter on the Liebig condensor reduced the

24/40 exit to 0.25” glass tube. This, in turn , was reduced with a 0.25”

male to 0.125” male swag~m1ok union with Teflon ferrules. When not in use ,

an 0.125” glass rod was inserted into this union to keep the stripper

clean . A Tenax trap was substituted for this rod just prior to seawater

sample introduction into the stripper .

( Stripj,1n~

A precleaned trap was inserted in place on the stripper. The “cool

coil” condensor had 60°C water running through it to rapidly heat the

:2:1 ~
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L.

Figure I—i. Stripper used with Tenax traps.
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samp le. Samp le water was forced into the stripper reservoir by connecting

a .2—liter round bottom flask containing the sample to the sidearm piece

for sample introduction and pressurizing this flask with helium . Midway

through samp le transfer , the stopcock was closed , the pressure was released ,

the joint in the transfer l ine was parted , and an internal standard (20 ng

each l—chloro~-hexane , —decane , —dodecane in 2 ~il acetone) was injected into

the water in the transfer line . Connections were rapidly remade and the

stripper filling was completed . This transfer took about 10 minutes during

which time a 1700 ml sample initially at 15°C was heated to 20°C at the

stripper bottom and 40°C at the top . Immediately upon bubbling , temperatures

equilibrated , and at the end of a 5 minute strip, the vater was at 50°C.

Once the sample was introduced , purging with helium was begun . High—

purity charcoal—filtered helium was used for stripping at 150 ml/min .

After 5 minutes of stripping , the gas flow was stopped , and the trap was

replaced by the glass plug . The trap was returned to the small vial and

stored in a freezer. The seawater was then forced out the sample inlet

tube by continued bubbling with helium into the plugged stripper; once the

stripper was empty , the helium flow was continued for an additional 5

to 10 minutes to flush the stripper and leave it full of helium for the

next sample.

Gas chromatography and combined gas chromatography—mass spectrometry

The volatile organic compounds were detected and identified using

glass capillary gas chromatography (GC) and combined gas chromatography—

mass spectrometry (GC—MS). CC was performed with an HP5700 chromatograph

equipped with a flame ionization detector and subambient attachment (CO
2
).

An 0.125” injector was used and filled halfway with 0.125” o,d. glass
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tubing to ho].d the short Tenax trap near the injection port opening and

to reduce the !ead volum e of the injection port. The column extended

into the injection port for the length of this glass Insert. The other

end of the column extended into the detector just below the bottom of

the flame jet. The front of the column was made into a small loop fo r

cryogenic trapping . Both ends of the column were deactivated with

PG2O,000 (0.5% in CH2
C1
2
).

Sargasso Sea samples were chromatographed on an 0.3 inn o.d. x

20 in long SE3O glass capillary column purchased from .1 & W Scientific

(Sacramento , CA). This column was programmed at room temperature for

2 mm and then 30—200°C at 4°C/mm . The carrier was helium at 1 mI/mm .

The western Equatorial Atlantic samples were analyzed using a

0.3 mm o.d. x 20 m long UCON LB550 glass capillary column . This phase

was chosen to work in conjunction with the reduced temperatures made

possible by the subambient attachment. The column was programmed at

10°C to 120°C at 2°C/mm . Helium was again used as the carrier at

1 ml/min.

For analys is, the GC oven was cooled to its starting temperature ,

and then the oven control was turned to “off” . A liquid nitrogen (LN)

bath was placed around the cryogenic loop . Next , the septum cap was

removed , the Tenax trap dropped into the injection port , and the cap

quickly reinstalled. Desorption was then carried out at 250°C for

5 minutes with helium flow carry ing the volatiles into the cryogenic

loop at the front of the CC column . Finally , the LN was removed and

with the trap still in place, the temperature program was begun .

For GC/MS analysis , the UCON LB550 column was transferred to a Finn i gan

3200 quadrupole GCMS . TenaX traps were analyzed as with the CC. Electron

impact spectra were obtained with 70 eV ionization voltage . Chemical

1~~~~~ ~ 
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IonizatIon s pe c t r a  w e r e  a c q u i r e d  using CH, as the reactant gas at 950 p

p ressu re , with the ionization chamber at about 180°C and 130 eV ionization

Nit ef l t  I a ! .

Evaluation of the Met hod

B 1 -~nks were det er m i n e d  throughout the cruises. Precleaned Tenax

t rap s wer e p la ced on the helium—flushed empty stripper. Helium purging

was begun , as if the seawater sample were in place , and continued for

5 minutes . At the end of this time the trap was removed to a screw—

cap vial and stored in the freezer along with other sample traps until

GC analy sis. T yn i c al  gas chromatograms for  blanks (no standards added )

and open ocean seawater samples are shown in figure 1—2 . The b l ank

chromatogram was very similar to tha t shown previously by May et al.

(1975) . Contamination peaks were present in the “solvent region ’

(pen t ane, acetone , methy lene  ch lor ide)  and for  th i s  reason , and because

the  r~ so 1ut ion in t h i s  r eg ion of the chrem atogram was poor , t h is p a r t

of t h e  No; c h r o mat og r a m s  ~‘a~ subsequen t l y ignored .  Peaks were also

p r e s e n t  near the  h i g h — b o i l i n g  end of the chromatograin , but  these e l u te

beyond t h e  v o l a t i l e  compounds concentra ted  by s t r ipp ing .

A large and variabl e blank was found for the western Equatorial

Atlantic samples. Identification of the compounds found in this contain—

m a t  ion showed the presence of several unusual compounds which were

stored in the same refrigerator as the Tenax traps. Traps stored in

nor t han one retrlgerator before GC analysis showed contamination from

compounds u n i q u e  to each refrigerator. Thus; Tenax trap storage in the

screw—cap vials was not always adequate for the prevention of large

blanks.
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Figure 1—2. Gas chromatograms showing volatile compounds collected
with Tenax method from 10 in and 100 in seawater samples
at a station southeast of Bermuda in February , 1977.
Gas chromatograms from blank analyses run before and
after the samples are also shown. Closed circles
indicate the l—chloro—n—alkane internal standards (6,
10,12) which were added to the water at 10 ng/kg. For
gas chromatography conditions see text.
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For traps analyzed soon after loading , compounds boiling higher

than abou t 100°C and lower than about 300°C , could he measured at the

m g / k g level and be seen well  above background in the chromatograms .

The efficiency of stripp ing was assessed in a series of experiments

in which coastal  seawater  samples were spiked with known quantities of

a variety of compounds. For recovery expei:iments at less than 50 ng/kg ,

the water was prestripped , removed from the stripper , allowed to cool ,

spiked and then analyzed. Table 1—1 shows the recoveries of these

compounds as compared to direct spikes of solvent containing the same

compounds on the traps. Nonpolar and highly volatile compounds were

recovered at greater than 80% efficiency . Slightly polar materials ,

such as the aromat ics , were s t r ipped at lower e f f i c i e n c y . Re la t ive ly

polar substances such as the aldehydes were recovered poorly or not at

all. Higher—boiling compounds such as heptadecane were found at reduced

efficiency . Pentadecane recoveries at low spike levels appear enhanced

and this was probabl y due to relatively large concentrations still in

the  seawater  despi te  p re s t r i pp ing . A 50% recovery f i g u r e  was probab ly

appropr ia te  ~or pentadecane . No other  evidence for  nonl inear i ty  of

recovery was seen w i t h i n  the 10—300 ng/kg range tested , Rela t ive

variabili ty of these recovery de termina tions was calc u la ted to be

approximately 20%.

The standard deviation of the analysis of 21 samples from the

western Equatorial Atlantic for the 1—chloro—n—decane internal standard

was ± 20%. Other work on seawater samples collected in the coastal

region near Woods Hole shows similar levels of reproducihil ity for other

compounds. Table 1—2 shows this result for an aromatic and an aldehyde ,

as well as for two internal standard chloro—alkanes .

.• - ~~
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Table 1—1. Recoveries (%)  of standard compounds from seawater using
Tenax method relative to direct spikes of compounds in
solvent onto Tenax traps. Standard compounds were added to
seawater at concentrations from 12—290 pg/kg. Also shown
are the mean recoveries (%) the standard dev iations (%)
of the 8 samples about the mean (unless noted in parentheses)
and the devia tion relative to the mean .
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Table 1—2 . Standard deviations of replicate analyses of seawater samples
by Tenax method. l—cl—n—hexane and —decane were added to 3
of 4 replicate samples , while o—xylene and decanal were
already present.
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4 4

RUN NO. 1-cl-nC6 
1-cl-nC10 

A(o-xylene) B(decanal)

x 3.0 2.8 3.2 0.89

0 0.33 0.31 0.63 0.06

11% 11% 20% 7%

(
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Grob Methodology

The methods of Grob (1973), Grob and Ztlrcher (1976) and Schwarzenbach

et al. (1978) were used to analyze seawater samples from the Peru upwelling

region. Briefly, this involved stripp ing a 2—li ter seawater sample in a

recirculating fashion for 2 hours at 35°C and 1.5 liters/minute flow .

Purged volatiles were trapped on a charcoal trap consisting of 1 mg charcoal

sandwiched between 2 stainless steel screens. After stripping , 20 ng 1—

chloro—n—octane in 2 p1 CS
2 
was added to the trap and then the trap was

extracted with 15 ~il CS2
. Further analysis was by GC or GCMS.

Method Tests

In order to investigate the effects of fil tering and poisoning on the

Peru upwelling region samples , 6 samples were drawn in replicate and

subje ted to different combinations of these treatments (Table 1—3). The

two deepest samples (6/1000 in and 5/(’O0 m) suggest that the treatments do

not add significant volatile compound concentrations (i.e., less than about

2 ng/kg).

Shallow control samples suggest that filtering may remove some volatiles.

This was particularly evident for the aldehydes in the 5-meter samples.

Filtered samples contained 40 to 70% lower aldehyde concentrations than did

unfiltered ones. Filtering experiments on coastal seawater samples conducted

before the cruise , indica ted that only high—boiling nonpolar compounds such

as pentadecane and naphthalene were removed by filtration (about 50% removal).

Therefore , some volatiles may be associated with particles in seawater ,

and caution must be exercised in comparing filtered and nonfiltered samples.

In an experiment to assess the effects of seawater storage on the

volatiles , 30 liters of coastal seawater were collected in a Niskin sampler ,

- ~~~~~~~~~~~~ __, *~~~ -: - - 
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L.

Table 1—3. Volatile compound concentrations (ng/kg) in Peru upwelling

region seawater samples subjected different treatments
(i.e. none, poisoning, or filtering and poisoning).

4. T 4~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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compound m & p xy lenes mw 108 nC 15 hexanal heptanal octanal

sample
(stn/depth)

treatment

6/1000 tr tr tr 1.7 tr tr
6/1000P tr tr tr 1.8 tr tr
6/1000FP tr tr tr 2.2 tr 2.2

5/900 tr tr tr tr tr tr
5/900P tr tr tr tr tr tr
5/900FP tr tr 3.5 2.4 tr 2.3

2/5P 4.5 9.3 21.8 10.0 9.9 4.5
2/SFP 4.3 4.7 13.4 4.6 3.3 2.3

3/20P 2.9 2.5 14.9 3.9 3.2 2.0
3/2OFP 2.7 2.7 10.1 3.5 2.9 3.3

4/340P tr tr tr tr tr tr
4/340FP 6.8 tr tr tr tr tr

5/5P 3.0 22.2 8.3 9.9 9.5 6.2
5/5FP 2.8 18.4 10.3 6.3 5.4 3.9

tr: trace (less than 2 ng/kg or 10% of the I.S.)
F: filtered
P: poisoned

1~-’-~~ 
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glass fiber filtered by gravity in~ o six 2—liter reagent flasks , poisoned

wi th merc ur ic ch l o r id e , and sp iked wIth compounds exhibiting the same func-

t ionality as those found in the Peru samples hut with c.~rhon skeletons not

seen in coastal seawater. Three of these samples were analyzed insoediately,

— 
wh ile the other 3 were sealed in styrofoam chests and stored at 4°C for 1

mon th (as were the cruise samples). At the end of that time , the samples were

analyzed and the resultant recoveries for the spiked compounds compared tc’

those exhibited by the unstored samples (Table 1—4). The three hydrocarbons ,

an alkane, an olef in , and an aromatic , all showed approximately 60% relative

recovery at 1.5 times greater efficiency than a month earlier. Each tripli-

cat e set showed less than 20% variation of these resul’s.

The decreased recoveries of the hydrocarbons after storage ma’.’ I:e due

to their removal from solution , i.e., a stripable state. Possibl y these com-

pounds were adsorbed onto the walls of the glass flask (Kaiser , l~~7l) or were

incorporated Into newly formed par ticulate matter (Riley , 1970). In keeping

with this , the more soluble the hydro carbon , the greater was i t ~~ r~ lative

recovery after storage .

On the other hand , 2—ethyl hexanal is relativel y very sol u1~le and may

be unaffected by these processes . In fact , these changes may have increased

the proportion of this compound in a stripable state and thus accounted for

the improved recovery after storage.

Comparison of Tenax and Grob Methods

The Tenax method o f f e r s  several advantages . F i rs t , i t  is much f a s t e r

and is the only one capable  of hand l ing  numerous samples as they  are
(

returned from hydrocasts. Next , the traps are easy to prenare . It is

d i f f i c u l t  to construct  the charcoal t raps of Grob , and we have a lways

a’—~ ~~~~-.‘ —— ~~ .— - . . ~~~, - ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —-.. ,~~
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Table 1—4 . Recoveries (ne/kg) of standard compounds added to 6 filtered
and poisoned replicates after no sample storage and after
one month sample storage . Also shown are the relative
recoveries (%) after one month as compared to no storage.

-
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c2~2~9J ~~~~~

2 , 6—dirnet lc y l— 2—eth y l— i—ethy l — t r i c k -c a n e
3-heptene hexanal 2—meth y l—

benz e no

najvs~~

at t ime zero
1. 33.3 16.6 20.9 20.2
2. 29.1 12.0 19.5 19.3
3. 30.5 11 .9 18.7 18.1

‘ ± a 31.0+2.1 13.5+2.7 19.7+1.1 19.2±1 .1

at time one month
1. 17.1 20 .3 12 .6 10.4
2. 18.9 19.6 11.9 11.5
3. 20.2 20 .6 13.9 11 .4

± o 18. 7±1.6 20.2+0.5 13.3+0.7 11.1±0. 6

‘
~
‘(one month) x 100% 60% 150% 68% 53%
~ (zero)
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p u r c h i ~~ed them . Tenax m a y  be more i n e r t  than charcoa l in terms of degrading

the vo]atiles . Thermal desorption of Tenax is efficient. On t h e  o t h e r

hand , c h a r c o a l  t r a p s  d# ’sorh  o n l y  about 357 of nap h t h a l en e  and about ~~~~ of

1— octanol. The Tenax method may allow for greater sensitivi ty as the entire

sample is introduc ed into the GC , wh ile the Grob techni que limits this to

about  10—20% of th~ sample .  I f  good s to rage  methods are dev i sed , Tenax

may a l l ow the anal ysis of very low—boiling compounds. This is imposs ihic-

with  the Grob method due to solvent i n t e r f e r e n c e.

On the o ther hand , the Crob procedures offer certain advantages.

Re1ative1~’ involatile compounds are recovered more efficientl y. This ,

in turn , facilita tes greater reproducibility (1 sigma about  10% compared to

20% observed for Tenax). The gas recirculation method tends to maintain

the chemical character of the seawater sample (e.g., oxygen content). This

may help preserve the organisms in unfiltered samples. Helium , on the

other  hand , would s t r i p  oxygen , which may be useful for  i n h i b i ti n g  o x i d a t i o n

reactions during stri pping . Methods for the i n tr o d u c ti u ~ of I n t e r n a l  stan-

dards are easier for Grob techniques and enable monitoring of two separate

steps in the procedure . Probably the most important advantage of the Gr oh

system is tha t  m u l t i p le CC or GCMS analyses of ~he volatile conr~-nt rat&

are possible. This allows analysis on more than one type of column .

Stream splitting of the purging gas onto several Tenax traps could poten-

tially provide similar multiple—anal ysis capability, but this has proved to

be an irreproducible procedure.

Both methods  a l low fo r  good samp le s torage . In th i s  work , Tenax

traps have retained their volatiles for many months ;  the problem we have

experienced with these traps is that, unless they are adequatel y isolated ,

they will acquire high contamination levels, Grob microv ials can retain

— 
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a solvent extract for many months , but occasionall y poor fitting plugs

allow sample loss.

Neither method introduced water into the glass capillary columns at

a level which resulted in the rapid deterioriation of the columns.
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I
Appendix II. Hydrographic data from stations in the western Equatorial

Atlantic Ocean, March 1978.
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Station Depth Potential Salinity Sigman chl a P0
4 NO

3 
Si0 2Tempera tu re

- -  - -- 
(M) (°c) (°/oo) (°/oo) (~ig/kg) ( t iM/ kg) (k iM/k g) (~ M/kg)

0°58. 4’N x 39°26.7’W
13 5 26.993 36.140 23.618 0.4 0.11 0.08 1.42

0.12
87 25.574 36.510 24.330 2.4 0.16 0.19 1.28

25.378 24.389 0.15
131 19.043 36.145 25.900 0.4 0.53 6.48 3.26

19.029 25.904

594 6.200 34.566 27.217 0.02 2.10 37.74 23.33
6.212 27.216

792 4.707 34.544 27.379 0.02 2.23 38.23 30.94
4.687 27.381

2376 2.900 34.988 27.902 0.02 1.19 21.88 22.60
2 . 9 2 2  27.900 

-

0°1.8’N x 34°O .O’W
15 7 35.962 0.2 0.06 0.08 1.23

35.95u 0 . 2  0.05 0.00 1.66
116 14.775 35.536 26.467 0.2 0.90 14.16 5.78

146 13.557 35.402 26.620 0.1 1.03 6.75

176 12.518 35.291 26.747 0.08 1.15 19.77 8.06

750 4.729 34.498 27.340 0.05 2.18 38.94 30.16
4. 731 27 .340

2255 3 .038 34 .965 27 .872  0.01 1.18 2 2 . 5 7  21.44
- 

3.031 27 . 872

3°30’ N x 32 °0 2 ’W
17 5 27.358 35.876 23.305 0.03 0.09 0.08 2.25

0.12
83 20. 113 35 .974  25.491 1.8 0.18 2 . 2 4  2.15

20 .088 25 .498
133 35.347 0 .3  1.21 21.69 7 .87

173 12.551 35.244 26.703 0.1 1.28 23.28 8.60
12.548 26.703

631 
- 34.579 0.03 2.23 38.98 26.63

2 6 . 6 7
641 5.695 34.559 27.300 0.04 2.12 37.88 26.09

5.516 27.297 26.09
1896 3.528 36.104 28.733 0.03 1.17 23.31 18.68

3.505 
- 28.735

(
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5°ll.2’N x 33°29.5’W
19 6 26,434 35.983 23.674 0.3 0.05 0.04 1.23

26.440 23.672
108 17.819 35.824 25.965 0.5 0.86 15 .19 5.64

147 35.326 0.1 1.18 19.22 8.69

188 10.947 35.079 26.881 0.05 1.46 24.17 U.07
10.945 26.881 1.49

— 

680 34.590 0.03 2.23 33.60 2t-~.42

690 5.187 34.556 27.334 0.03 2.16 34.69 28.66
5.165 27.337

1623 3.277 34.966 27.856 0.02 1.19 20.21 22.17
3.288 27.854

6°42’N x 38°24’W
21 14 26.166 35.985 23.758 0.4 0.00 0.00 1.23

26.119 23.772 1.23
34 26.130 36.010 23.786 0.3 0.00 0.10 1.28

70 36.193 1.5 0.02 0.01 1.42

114 15.655 35.669 26.365 0.4 1.01 17.38 7.19

154 12.992 35.347 26.694 0.2 1.24 21.46 9.13
13.030 26.868

164 13.317 35.373 26.647 0.2 0.97 20.98 9.23

341 8.933 36.821 28.587 0.05 1.70 27.60 15.14

706 5.887 34.584 27.270 0.02 2.13 33.54 25.90
5.807 27.280

ca450 7.515 34.730 27.166 0.03 2.00 33.32 20.03

517 34.709 0.04 2.21 35.78 21.10
34.724 0.03 1.50 52.80 19.84

9°03’N x 45°55’W
24 7 36.120 0 .3  0.05 0.00 1.62

ca35 36.154 0.5 0.07 0.00 1.. 71
1.71

35 25.900 36.155 23.966 0.6 0.08 0.02 1.62
25.894 23.969

83 22.029 36.173 25.116 1.8 0.65 10.27 3.85

180 12.098 ~5 . 2 9 4  26.830 0.1 1.50 23 .58  10.39

ca700 34.648 0.04 2.30 34.59 25.32

1923 3.441 34.989 27.855 0 .02 L2 8  21.08 18.24
3.466 27.852

r , ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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A p p e n d i x  III. Volatile o r g a n i c  compounds in coas t a l  s e a w a t e r .
S c hw ar z enb a c h , R.P. , R.H. Broniund , P.~~. C.schwend ,
and O .C .  Z a f ir i o u . Organic  G e o c h e m i s t r y ,  1 , 9 3 — 1 0 7 .
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~olatile ( ~‘~il) i  - c - , , y  btil ;nd-, i i~ coasta l ,~ .t ss .~h-t  -

‘— P ~- H55A i ~/ I  ~BA( iii 1< 1rI1AR I) H 8~aAn ~~~~

i’iiii.ip SI ( -~ r i iwi  -~~j~~t and ( )i ca t_ ZAFIRt OI ~ ‘

I ’  J uc, -i r , ‘ -  j ; - I cc ~c o c t  totAl 2 \l i r c Ii # 5 ~

% h’tisul The ~- c u r r e n ~ c i rd  t e m p r i : - i. ali,,ils of s t r r c t ~ ~c I ow to r eili rn r lar i i 1 t - t f t

~ -rnpounds in tS r s c - l u  I)ii~ r- i ic~e I i  i~ ketr- : h5 c-heptarie and ,c - , c raUeean-  have ls:c-n st udied in
sca~~c uec from a s t , i : - cn  in “ i e s ~,td ‘~,c iin l Sla sic n i s ~ t t , iii f r - u  a tidai creek in

— 
\i co S1,cs~j ehusc’t~ I he I s c d - u r  .j~~i - p h~c - s ir çp i  :~~; method of Gi l- and tu~-ic- -r (i ( / i ~u” ..
t a r  - v . I 7 p ‘)

~5 “ - .1~ high rts ilt i t icc n glass c~~i~~- ~
-
~~ - S rum,11 t t r a r l - -  tod g i  ch ro matogra p h~

ri-ass spectromeir) wc ie used ~ppioxl t naici~ St om p - anO s were Found at ~~~“ -c ‘f g .  rn_ -s i ae rr cc-
c ’e rc d at less than li rig k~t is ’alc t ic ,- dii ng~kg esel ~a., oah rarely exceeded by a feic ccr rnp c ;ie it ’

The tota l  ,nct e~ . I  r to s i-rail i - - as (1 I 1 ~ -c ~ ir carbon C4U~i -:r Sc Iw a ! - :  lbs major com-
poun d c fass ~ s found were m e n Ia l  i~~. - k en-e s  i - - m r i a i m c  and at ks ar ,n1a l c hyd r s  ai~ c n s  n-a Ide-
h ides dimeths lii i- fid~ air : dimeth liii ,u t t Ie . c i d  a cc~ halogena r - -~d~ - - ‘bons The prelin i m1Jr - -

results suggest that both Isrugenic and antlir coogenic sources were - ‘ pro~cn :cd A S 5 . , air s - i

enchange and other physical processes may be important non-biologica l s i n k s

I~~ 1 k O DE  (TIO’s 3 hus far methodoiogi~ r i d i l t i cu ! t i e ~ base prcventcd

SEA SS A TIR c,)ri ’ l ns  an c..rre mc-l~ - uinj dec,, d ersu : t he application of thts molecular appru a~h to sea-

and largely unidentified iriix tutc of organic coot - wats r  organic ,oini~nounds osn r a structur al range
pounds. Historicall y m o r  s :udrcs of se awa ~cr o rgan ic 

F , j~~ than oW’ . idii ,~- compound c lasses. The dna-
matter have focused or such properties f t he mixture kt iu~iI -~~~r. of de - - m i n I n g  these ~

- t pound groups
as its concentrati on and distribution (S~.opititsev . routine ly has been a rd rou~ enough to make wtder
1 966. 1971 Mcn,id and Rvther , 1970: 5.lenicl 1974 : coverage by stmu l taneous usc m l  several nn tt l iod5 pro-
Wi l liams, 1971 Riley, !~ 7c . W~~~~~~k y , 1972. 97 n huh i t i s el y dtfficult.

among ot hers) , its size distrih ution (Sheldon em ~ 
In th is pape r we ruport the preliminary results of

1972: Sharp, 1973: Ogura. ad4 . or qualitative ,~i~a t - s e ~ of vo at t l e  org:urcic compounds Vt tn

propert ies such as s~ 
3C ( Wj l ! j , n i s , 1 968 . Williams co asta l seawater samples. The compounds falling into

and Gordon 1970). absorption spectrum ‘c~attso n en the Vt. class constitute a little -~ esltgaicti group of
iii , 1974). or biodegradability (Barber , 1tfs , Ogura. compounds in seaw ater , w hich are too solat ile to be
9”O 972 - Lsolnurv J 9 7c 1 ‘nls a minor portion of handled by conventional -xtract ion techni qu e- - se t

t he organic mutter in seawater has t een h’cu ’ ictc r ized not vo latile enough to be determined ~ procedures
structura lly, principally as amino -ci d s and sugar s destgiied for the determination of very I:~ lii organic
m d  their biopolymerc , urea , iatt y ac ids and ::iciihols compoui ds . ,uc l as C

~ 
( 

~ h sm lrocarhons (Swtnner-
and t heir este rs , -,te rolt , hsdroc~irhons , ~oirti:ull y char- ion and Linnenhom, 967; Brooks and S5,,,k et t  t ’

~~

- 
acter ized pigments . and v u lt iri ulil - s~i tgner . l~)w) ‘,k c used the closed- loOf i vapor phase s i n ;  -p ug

Recert t l y, efforts have been made to obtain the mol- met hod of ( j roh and Zdrcher (l~~7n), n conjunction
ecu lan composition of some compound classes in sea- wi t h g lass capt ilary gas chromatogrt iph- ( c (  and

•wat~r for numerous indisinlu:rl - iroi- l~s in order to ci ,nrhtn~d g is hromaio&arc hy rit iss s p e c t i  rm~ir \

characterize the marine env r o it rni ’tu c in te r mS of the (GC ~4~s r .  for the rapid and routine rCcsrse r ’.. -.epar-

indisi ’ lt ial organic structures presen’ and their spa in ati on, identification, and quantification of this chemt-
cr.p r ~ I sar ra h i i i i v  (e g. Brooks and Sac - kett 9?~ , ca lly diverse group of marine organs, compounds

Lee and Had:, 1975; Gagosian. 1976) Thes-: studics The method consists of removing thu sc c itrtnpoii nds

oht atr i ’ i’j r forrn:ul for  regarding the sources, wit h appreciable vapor pressure over seawater from
It lrispi)ni . t r i O  d i’  not in ‘us and sinks of organic a samp le by purging it with a large volume of gas
matter in the waler c-uk-mn ~‘ m cclv dis-tded bubbks . n i h -wed by .tulso:t ”tng the
— _________ —-- —— ---—~~~~~ - ——-————-— compounds in the ga.s stream onto a cl aru nal ira

Wood s Ho le ) - a im-  g r ,~~,hii Ins i r tu t morm ( ontri hutmon - 
p

No Subsequent extraction from charc al and high per-
I t)c par imc nt of Chemistr y, v. 45 1-b k Oceanc,- formance GC and GC- sP’c ana lyses characterize and

~ aph c ins ’ i scio n . Woods Hole , MA 2 54 1 . sn  qua it t c f s  the vo lati le compounds The method w,us

I d 
address I - s W AG , sh1~ i f 2  hendi’ri . Sw i t ,cc  i) rigtna lly d - ’ - ’ -~l s t  for drinking s i t :  qua1it~ ass ’s- ,

* Deparimeni of ~~~~~~~ ih t’ hlcgc ~ 
, 

mn-nt and ‘he stud y ~I pollu tants ii lake- and rtvers

‘ ‘ ‘sier , O t t  V isiting lnr-i ’st i ga t ccr  v.i’c,ir ils Il ’ S ratio- 1k ( irob and G. ( c r c - h  19”4p Vs. ’ have ..1cp lied the
en m p to n~ titut iOn (~977~ 

met hod to studying volatile compounds at li~ rig k g
Ti, whom co’ nes poridense sh u c id I- ’ c i -  rc .sed lesel

‘I-s

-‘ 

~ r’-~~
’ ‘

~~
‘
~~~~ 
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94 K F’ Si c ia  can  xc. ~~~ is H I-~. c ’ s i  — -  1’ ‘~l ( s c s i  ‘s i n  m d  () i / A m m S u n c

I’lr M is Hluni ’r i ro ino-a ’ nl .m-d un i t ma t cd  the app it - i 5 ( i ’r las hs k nsci ing -a nto iupe red n’’uiNs S I  round hint-
cation of the mcth rmn d ’. nisc t here n a- t w a i n -ut r ip is , t orn flask in -I }~~S C Ir. cnc I 5 fl ni I he st I rs !
,t~ one .mp ptoac h to  unravelltng the ~i c ’ mn pk’s i tnc s  ~ t sc cs pulled m m  the t1 ,msk k-. a line Al ter  the f las k
marine organs: ehct nms ’ m il - i r i s I ‘~75 t -  l~ reci g til l ed , t he s ,c mn i- I :  was rein sect t in t sto ppc mmt cl in:
nized during his tragic illness that  Inc s~~nti ml be unable rncdtatc -ly ( )nec an-hnv~ . 1 I of ~ater w a s  pi i i rs d out
to eo -m q ’hn ’ts - thi s effo it - m c i ) reque1 l.\i i emt to he is - ted arid di ca rds - cI  i t  L) , the smi rri pic was s piked and w a s

is a im author of this papm - c - W h Ic respecting t his in i- h . then brought t in li l . i t n r : i i c r s  for stripping ~rhi ’-
a ’ emphasize t hat he made very c m kst ,mnt i , m l  cont rihu- prc nct-J urc entrapped (‘f) or r ; cm h e:  than ship or l,nh
‘cons to t he underptn nmngs of this studs - - , air in ibm’ ll,i$. hc - m dsp.:ce reducii g i i  ,mt C a irborne

cont tmin ,itton ( ‘ Li acr .and P\- C dc not .1d i s ignm ti-
c - t i l t  s - n  l:i: t i e coon tnt i nation to no r sani pIes- Ch loro.

\tf’t’HOI)’s phyhi a \s.is immc:is u cd using t he fluorescence tech-
nique of S ir uck land and t , c o o n s  ( 197 2 )  \ U t t u C l T s

Sarnp l i ctq were n e n  s mi red using a Tech nn icon 5 - l in t nI / cm

Vs uter samp les ac re taken from sites near W in d-  
-

- - Str ippictq and collt ’c tmnq k CHole. S1 -\ Nears hore samp les were taken approxi-
matef y ev ery  two wee ks beginning March I a77 at We term the organic compo:inds potentiall y tecos -
high tide in fair we ath :m from “( ‘hemotaxis L i c k  - erable from natural w ate rs h~ strippi ng n’eth i -

(CDI. il is unu sed wooden pier ex ; :nds about II) ‘volatile compounds ’ SC V t were recovered from
meters into Vineyar d Sound in 5 - 2 5 rr, water. The s av .,itei by stripping t he samples using a slight modi-
sal:nity is roughly 32 ’~, . The area has wra k to moder- fication of the closed-loop method oh Groh and
atc ; ‘  mmg sh n t r 4  currents , a sandy. rock s bottom . mmd Zdrcher (1976f -\ larger samp le flask and frtt and
extens ive seaso na l henthic algal cover , No boats are a ditTi-re n’ pump were u sed In this - teehntque. the
moored within 0.5 km and most ferry and rec rc ’ unnm ~n .mi fet lon and stain less steel pump force s air thr nn ug b
boat ing is greater than 2 km away, The adtacent a t n t  neat the bottom of the isate r , The \ (  partition
shoreline is pebbly and on~ li ghtl y used tcc rc: n between the bu bb le— and t h e  water The effluent air
tiunally A 50 m band of fore st veget ar in mn separates is warmed to Mi ( ‘ to drop it relative hutnidtt~ and
t he beach from the nearest no-ad. then passed through a m ere ci i ,mrcôal adsorptive t rap

During w inter , 1976- 9”? considerable ice formed Bender Holhitimt AG. Reidlistr I S,  ~~~ks Zurtch. Sw -it -
a long the shores of Vineyard Sound and Buzzards ‘e rland) before pump cii take for rcctc l t ng We main-
Bay In late December . 19 76 a s i ie ,mble sp ill of N~ ta m ed the water temperature at 35 ( - and the air
2 fuel oil occurred at the head of Buzzards- H.c~ In flow rate at I 5 2 1  mm for 2 hr through a 21) mm dia-
J’anniar r . 19 77 during partial breakup if the ice, oiled meter coarse po rost t ~ frir Samples with 1 51  head-
ice was seen passing from Buzzards Bay through sp: mcc were stripped in the sa me fix-c liter flask in
Vs on~ls Hole and into Vineyard Sound (J Farr imtgton . w hich they w o e  collected. A ~iam n Iess s t ee l  and Teflon
persona l communication ) a few km from our Sam- bellows pump. Model MB I s -  purehased from \ lum:c I
pling site Bellows (1075 Pt ovidence Eltg ha is Sharon . ‘vi -\

.5. few’ sun i pl~s were taken in Great Sippewtss et i)20(c ’i, was iced ,
nmars h on Buzzards Bay. Massachusetts - at the con- Immediatel y a fter str ippi ng, t he V(’ were e x t r ac t e d
fluenee of two small tidal creeks o ne  creek drains from the map w ith a tota l ct I S p 1  of purified carbon
an area of high blue- green algal m a t  density w hile disulfIde, Just prior to this cxii ,i ct mo t r . 41) ng l-Lhloro-
t he other cmp tm e’  an area with high concentr atm i’nc octane (No, 2i~ l m in 2 p1 CS, were added onto the
of inorganic su lfur u m p i n t s  and detect able sulfide filter surt ace as an es tr ime t ion recos er ~ standard The
at time s in t he s-s. it cr IR l l n a a r t h . persona l communm- samp les were stored in microtuhcs in a refrt ge rator
cat ion)- Wit h the exception of increas ing the sample and

Water samp les at t hea sh ore sites were taken at pum p su e, the methods of Grob att d t umrc hc:
20 cm IS crrt for low t i de  marsh) depth hs dipping required no modtfica in mn to deal w i th  s eaw ater
a I I round bottom flask ,utt ,uvh ed to a 2 m aluminum samples Floss- i- it , the gc r : - ra l l y low levels oh S( ’  in
po le by a PVC hm nket. The water was poured tnto sc. mxsa t cl re la t is - -c to the w. mters presmo us ls investigated
a 5 !  glass round bottom flask that was rinsed three hs stripp ing n ecess itated numerous hhatr k and control
times before adding 4 1 of .v:iter Repouning samp les analyses
between S I fl , rsk s did not g re. i t l s affect the vo ia tmhn ’ s
found. The sample was spiked with internal standards - l I t O l ( ’ s is

(4Ong each l-chloro-hexane (No 100). 1-c hloro- GC was performed on a Carlo I nba M mdc l 2 55 1
decane ( Nnc 300). and 1-chiorododecane ( Nnm 4(n)) mn \( ‘ gas chromatograp h eq u ipped wi th  FR) and a spe-
2 pl acetone (compounds are numbered for identt uica . :u:ul sp litless injector designed by Groh (personal Lom-
lion on chromatogramsi The sample flask w as sto p. municalion. h9 7 hi Separations were performed on a
(cered . swi rled, and returned to the laboratory for 20m s 0.35 mn id. Si 54 glass eapillar~ column
stripping w ithin I -i hr after collection. (Jacggm . ‘aId f m ngn iv Switze rland l of separation

Offshore Lis . msni l water s were samp led from the P t  number (4 \tm aliquoi usually I all of the S t .’ to

S ~~~~_ ,-p ’,.•, ,~~~‘s - -~~ - - ~~~~~~ - , s~:~~~r ~ a- ~~~~~~~~~~~~~~ 
~~ ~~~~~~~~~~~~~ ~.. ,_-  ~~- . , .
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CS w a s  i :nmec t e d with the .phit sc- i K f I r - t b  unit q ua inti t i cs 01 ‘0 ” ~’’ ,iJ’ .’ ,,i ii ’ 1 7 — s .  4 1 1  and cn . lms ’ pi;imft
K (rob Jr.. 1dm I1~-: sp lit a m i s  on~ ted I i  I r,m~u n t  ~a ’ ’  “s i ’  5 151 t ’ t cu c c r mi iy nec _-o r  m . , t he second stop.

after fit see [hr helt!.ci ’ carrier ga- S ( m w  ra t s  w a s  and the -, cjm t  of im m cthsl di sm! ( t ’ J e (No ~7 j and
3 mI-nun at 20 C The in m e c - t sm r unit de ’ .‘n , t u r  were dn tmm i :t )~ i t rm s t ( fide No t -1~~ typica lly increases , u-s

operated it 250 - The ten t n eru t t i rL ’ p i ’i tf l  .S , s pccuuullv after 24 hr f i g  (‘i. A c’~ samp les that v.er- :
20 22 ( ‘  isot hermal to ’  S nc ’ m , t hen 3 I_ m n  to  ~~~ ‘ ( .  n:.peeia llv turbid or cn . ,anain ed high total levels- mci

(i(’ MS an,ul’,ses a n t  str uctur,t i msl ct i ’ iflcmi t ‘)fl S src la t ml c c yi~!dcd sur o tmt ntt;il recu - - cr i es on restnipping.
were performed on a Fintni gun M- ndc l 32(~i equipped 1 u s  is i f lust r ,t t cml ri 1g .  . Fm , he restrip of t hc turbid
w tt ( n a Data Ss -ste t n 6(~X) e. mpmm cr A I- intu igmin vatonle shown i’s I- mg 7l~ l’hc V(’ concentrat ions
Model 9500 gas chromatograp tn cq iutp pc ’d .s- I n a Fin- reported ru th us parer .m r /  t h i n s ,’ recovered in the first
nigan splitless inlc’ccor mir I ‘ u 27 r n  ‘ ‘ 1.32 miT td .  2 hr stripping iris’

glass capillaty Si 57 c dunrmi nv .’ m iutem f act i t  t i c  the Recovery e x p -  fl mvtu t we re al sm n conducted in
MS with an all - giass c i a ro te t  lire . held c t 250 C. dctplicatc using xo different strippers , traps and ana-
a llowing coaxial introduction if rca~ e mut  ~r- c ’ -: - for s s t , . DutT e ne t i t  s e t nw t i tm ’F  samp les were spmke d with a
chemica l nonui.olt io°. I MS Rhum ,und Rich cm n .,t mix tu re  m l  compounds encompassing mm var iety

I ‘I’ S . 1977). Max-s spect’ a were - , :COt dnt d at the rate of ;m rn~ t,il f ui ucto nc n i t t t n ~ s and i i i l : i tml ~ti~ s with in the
of one per . 5 sc- c from ~ts to Th~t mono at Th e -and s’s rcm ’cted n-m nviu of the tec hrumqn5 e Samp les wer e spiked
90 C source temperature for El and at one per at 5. 10, 50. arid hI ~ nng cf each compound/k g sea-
1.5 sec over a range of 60— 55u amu am I ?)) CS’ and water , Acetone solutions of the mixture were used
90 C source temperature for Cl. Methane was used to introduce the sp iku- The two lower level experi-
as t he chemical oni; at mn ’ u r - .m gerd gas I nmr i iC c n if l t s  ments utilized exhaustively prestripped low-turbidity
were identified hs co rripaul cnn of G(’ and U’ MS ( ‘f) w at e r , w hereas the tiS S higher level experiments
properties w i th  those ofa uth e nt i  s t . i n n i ; mr ds or ihu’ .ur~ used untreated CD w ater  of s c is  turbidity. The recov-
spcvr r .c as indt- :atcd in l’ab le 2 err for each contpoinnd w u ns deiernimned h) compartng

(3( ’ peak area s normalized In, I-chloro-ocnanc , No
200) determined by a ( oIc t ik i Scientific Instruments

Sji ’/ In,m) Saran m e rt a t u n “Supergrator 3° elect onic integrator (or the sample
Bmiu cc k :.  Since most V C  in ‘.e iuv mt t n were present vs c ’ h peak areas from (C antmiF sis of the test mixture.

below the to ng /k g leve l , much beL ie the levels pre- The test mixture composition and the average reco-
stous ly reporte d flnr o~he -~inup lec nK Gror’ and G. se ries are given in Iahhe I. For each compound, the
(rob. l974 . a prem ium wa .  placed on achieving sen- fraction recovered was independent of the level added,
sj t ivi!t and low , reproducible blanks, Figure 1-5. suggest ing the ahsc m ce it threshold effects ’ at t hese
shows a representative gas chromatogram of the trap levels. The poor recovery of the naphthalenec is en-
extract from ,uruppcng moist S I flask containing ttre iy due o poor estr act ion recovery from the char-
prestripped air. .-v~ usua l. 4O ng 1-chloro-octane (No coal tr a ps ( 3 5  .j is shown by heap spiking expeni-
200) were added t m ~ the trap nn ’ f~~r~ e xt ns ,c t nor  .‘nd nt - rut s A lthoug h l-octanoh is also lost to some e xt en t
its peak hemg mi 5 .c rm et r  odcd to lOng sug ct wai i ’r - on the traps ( 58°,, recovery) . tx  extremely poor total
usua l i i  pc i a ’s - t s J This n’ , pical instu ‘ i t nu - ni  blank m - ‘ci r e r s  is probahis ps m m,n rcly due to is sish water
s h o w s  q u umn t i ta t mvs recovery - 1  the ctandu,rd mi nd the snnlubiti f ’,
presence of ,‘c r s few i n  ‘ m~ - coi responding to less n i i  lsc n t  ‘JO5 ne’ (in( ‘ s, order to .,‘ sew s the reproducihi.
I ng each ‘v’(’ kg seawater introduced h5 the s tr i r ’ p t mig Ir i s nh s .ifl )ling - i n  ppm tg. nd analys ts iv applied
procedure from the appa rat ncs and fly s uhs e q m !entm Li e nv ir cnmeiilal smimp le,, duplm~mi r-  -sc ,.iwa ter  samp les
manrpu lamc cns . Contamination Ironi iahn n uctor ’, air w e re  is’ .unnec i ccci flu sc p.iral - o,s . iscnc r i s mind prnn-
can erratica h hs he a ,n- rious 1csm ’ h be n f” ui r ir c g pm s’ — ‘ .su~d ctcncur i-nnt l’, on two  dncf nerent strippers hi Isv ,
sir m p~m r 1  water from ‘15/ lash to .mt n ,m h c r in tb Im t femn ” c ’ ,ina is s t s I .is ism n 0 is est rmate d ‘s  rneasur-
labia , c l n m r s mnit rod n ;n c.id r i m in n ie nm n us :n ’-mn t ~tmin.kflts at n) rIg the heights of twent y of the larger pc_’ .uks re lative
lO n g  kg leve l  It -‘s-ever . tn ipp ing five t iers of ‘( Ii ic the l-c lnioro-octane I N 2 K q  r’: If emg tn m With
air ’ l s uu tu r . l n r - m bs , : i i i ( ’ t s -  t -n~ a this- I fiIl ,r~n w i th pie- the few ev. . .p t im ’ iu s listed b~m . - .c t hese teak height
.,t r mppm, m l water at ( I’)) -f l ie s not ~~se thes c l b - i  - ‘ory r aiios did f l ’ s  s u m ; 5 c t w , ’en ’ duphi. a ;cs by mor e than
contamination pr htetn .s 15° ,,, Peak he-e ’ - ratio Oi~’~~ ncc, of up to ~(l” ,, were

cci er) The reco ve rs of i nternal  ‘mt .iir l,trds rela- ( , w r  by d rvethslduv’ :ltide I ~hf 1)5 No 37) , de-
li ve t ic  c -~ hhnt ‘ . -m ~~u;cne N’’ .‘l$i i is is a us sas s abase tnie h s l t r c s u . c i t. ’ (DM15 . No, - 45 , nonana i N~ 22S f.
)~ 5”

,~ ~~ restrtp ill s; ui rnj n isr s ‘mtm me mii ate ls after i fe fir ,i (us . , n.m I No . 2 ’ S  m c d  m’ uptadecane Ni 51 5)
str ip and again after 24 hr to monitor recovery and Vs c find that removrn~ salt ansi other deposits from
compound ac-n,’ r an i c mn ;  ‘the nt&’ i t , u i  .t .i im ha rm ls a ix seaw -at~r cv mp ks from t he charcoal traps bs the pro-
oevel detecta ble In these imrst r ips Ftgrtr c I H is t ’.pioil cedure of (rob and /uncher t 1976) after ev er y few
of additional recovers of V i n.m i ect r iJ’ pmnmg a reIn simp lex mauntai r. s n’ .d - ‘~ nmwI u~ hi lit I hi’ moder-
tive ly nn n r ,- m u rhi i t  wa’ x u s.mn m 151 ’ ’ ,c sen mmu i i i a l  stri p atels farge headsp~m5c ’ c c x c ’  - cii ’ . r m n i i lt-~ ‘s .is adopted
(Fig 70 ). I—or n o t  n ;tp c n l m n n l s  l i tt le matcm al cit -re to ttimniiniic the salt sprsus ln .eis[no r( Onto the traps,
t he blink occu rs in the r s s t ’  ~ 

it s-se ver , substantial 55. it ca se i- c  rn r e t -  . s I  t i - s r i  s - m i m i c  trap cloggmng from
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Fig. I, Characteristics of the procedure, Peak No. 200 is the internal standard applied to the trap at the rime of
extraction and corresponds to lOng/k g of seawater sample. For peak number identifications refer to Tabte 2
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S’ n’ Imc t m b ,  OI~~’ O c nc ,n n ! ;  ‘ n u t s  u n  i , m s c s i , n ~ sm ,’ , iW H tCI 5”

I .uhlc I K eros cries 1)1 standard sna un p ’ c,unsis sc-n ed into I st~ i I ~~~~ 1
se , iW ,lte r

the stripping met )tcwl “iu,ih~e”t nix to ri ’c ncs er  ii s a t .
i amnpounm t Recoveu y I I -

t y  i f cem nn n i— m d f ir i i  m m a  c ix  in n c l u t i t i t s -  r i  gu

I ~mcie fl C ‘. that has (in - reto foie been little ins-s.’ . m m g i t ed. Ses ’era l
cr - m u ta n t ’ 0 malor features sta nd inut -‘st omit fift y compounds I r s
c i- pe ntadcca irc rmn utn ne ly detected. bek im f n rrg t i c  s r s e r mi l  maj ut r s - t ru e —
ci- hepi .udceanr fura l classes . These are prima ru)y a ik aimes , .m lkcnes .

-e lcloro-ic-decanc - ai’omat ic h’- u ircicm urhicti s mulde h ydc-s. met hy l sut lnu r

ethylhen,e ne compom.unds , and sm )m u- halnmgen ated comp mctunds Most

s- . i r i r ncth st he n,-e in u -,s~ 
of the individual compounds ire- recovered in the en -i c -

cc -heu t ’,Ihctciene >SS centration range trace l O m n xm ‘k g. Only to h5uern e INn, 45)
L napbth uclc ne 35 routine ly occurs at > lOng ku: other peaks very

I- ineths- lnaphtha lene rare ly exceed 2Ong ’k g By sunirriung t he estimated

- 
recoveries or by pha irimetrs ,l chromatograms . we
estimate that the typical t o t a l  detector response is
equivalent in ‘It .i IS  ~ i m g k ) of V( ‘ . cr a pproxi-

7-nmet an onct mate ly 02 - I (b jig ”k g volatile organic carbon )VO(’ ).
met t’u ’, I uccianoate 60 as discussed later .t-ocianol S

Although the VC are operationally defined mind
their levels are l mn ss their behavior is relat ively t nnf ls i ’ -
tent . Dup lt cate samp les f rom CE) and the marsh

accidental tr a t s - s pon t  of large amounts of material to ~r ’ u - ks  were quantitative ly- stn’uitar for -a wide variety
the t r ; u r- , ,cs f u r  examp le. w hen samples foam of e ’m rnpc cn inds at high and toss t’ .il(eitt rat lofl levels

Restrips of most samp les s m e l i 5 d  ver y little additional

R E.SULTS mater ial. Furthermore , in other ex periments IR M.
Bromund and P. M Gschwe nd. unpublished) in

Fn~ nt - ,’ 2,-S U s ( mniws chromatograms selected from which CD samples were stri pped at 25 or 6O’C with
an on-going year-roun d study of V(’ at t he CD site. inert gas, and the VC trapped on and thermally
Sample A s- sa x ta ken just after th~ melting and desorbed from Tenax iu\pp hed Set Tech. Bull No,
brea kup of ice cover (March sflh), samp le B was 24 . Novoins er a~, 1974 , Ber tss .h m’t a!,, 1975: Zlatk is
ta ken at the height of the spring buildup of chloro- ci a)., 197 3: Bellar and Lichtenherg. 1974) , a s imilar
ph’cl I  a, and sample C was taken on 19 July 1977 picture of VU was obtained. Thus. mapor changes in
a less wee ks after the Memorial Day increase in rec- technique result in onls moderate , rat her than drastic
reattoi nal activity an Cape (. 0d. Figure 2D shows V(’ changes in the obscrve t VU dnstri hutions The rcrcos-
samp led sesera l k rim from shore in Buzzards Ray on cry of spikes (S-i (~ ) ng ‘kgl from seaw atei  us reproduc-

- 71 Jc uiue ‘1’ ’ ftc chronologica l sariati o n in selected ihlc, level-independent , and ge’iie ruul lv fair to excellent ,
peak height r ; i tm nn ,  and chlorophyll a for the period even for lahrk- compounds sm ith as .ul dc hyd mm s .
51,trch An u~’ ; s m I~~77, us sf u n uis tu in Fig . 3. Figure -4 Thus, by t he ci t , ’ rm , s  m i f re prod mnci bt lt ty, k’sel- in-
s h im s V ( from the marsh creek sampled at  low and dependence, in smr nsc t c sc t s  to minor changes- in method-
hm ~ h t is tes o logs. and spike recovery, the \ “ ( ‘  are a rulm itive ly well-

W e hasr tdc ni;tued most peaks with height equival. behaved subclass of material However , t he corn-
c iii to � 2 ng,”k g of 1-ch lorc . -octanc ( No. 200) by glass ponenls of VI ’  recovere d do not necessaril y represent
capillars GC and l,s (S MS ml I and (‘I) characteri . the total quantity of t liec- ’cr str um ctc j res in t he samp le,
iation and compar ison with tuthentic materials or since these compounds may -ul’a ’ he present in forms
El luhrary spectra The compounds identified are that do not exert significant vapor pressure. For
!t s t m ’ mt  in Table 2, w hich iPs o f ists esiin’na tes of the example , we know nothing about the :~tr ipability of
concentrat ion ranges found ut (D, Concentration potentiall y-’ vo latile compounds within living and dead
estimates were correcte d according to the recoveries biological --tructures , w hich spiking cannot - .miiiu late.
given in T,uhle I for those conc pnci ’ mds and close ana- With further work , t he behavior cml compounds on
logs to t hem Other compounds are reported a.s the restri pp ing may yie ld ; nse h mu l m ndic ai m e mir s concerning
ehh-c r u-octane (Nc 2(Nt) peak height equivalent and sources and spc c im iimicn of VU in natural waters
are t hus not ‘,:orrected ss c th  recovery and FID re-

Non-aromatic hs - dr iw’ nir hmnt .ssp uc rcs e factors -

E xamination of the G(’ MS data revealed that A- cu te from samples with a major oil-derived corn-
most of the peaks seen b- (C are predominantl y or ponent, the prcdoninat aliphatic hydrocarbons were
entire ly sing le com pounds : the larger peaks arc n-pentadccane (No. 4 17) and n-heptadecanc (No. S IS) .
almost tota lly rcs ’, Ived on the glass capillary column During the period m~ oil contamination , ot her hydro-
Furthermore . miwci tic ion sen ’s searches did not carbon 1~ ’,c ks and an “u nreso lved complex mixture ”
revea l the presence of additional compound types. of compounds were al- nc present (Fig . 2s5. (
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Fig. 2. Variations in VC round in some coastal seawater samples, Peak Nos. tOO, 300, and 400 are internal standards
added to t he seawater sample at lOng/kg, while peak No, 200 is the internal standard applied to the trap at the

time of extraction , For peak number identifications refer to Table 2.
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Fig, 4 (,as chromalograms showing VC found in marsh waters, Peak Nos, J fK). 300, and 4(K) are internal standards
added to the seawa ter samp le at tong /kg . while peak No 2(~ is the internal standard applied t i m  the trap at the

time of ecutractio n , For peak number identifications refer tO m Table 2.
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100 R r S( ’ I iw AFc/ t  NKA ( ”H.  R H Kim scm v i i  P M Gsc*iw i-r’uic and 0 , C’ Z*it imioi

‘ Fabte 2 Volatile compounds in n,i c u s t l seawate r sam ples

(‘oncenirat ion rangc
(‘ompound lng/kg) Identificat ion~number Siructure ( t) Marsh method

~7 dimethy ldisu lhdc (DMDSI ‘A  ‘i 2
45 totuene >10 >10
60 teirach loroethy lenc 5 5 7
(c i  ic-he mua nat S tOO in t O
Of) l-ch loro-c c-hes ane 110) ( t O )  stand a rd

lot ethy lhenzene 5 25 2 20 I
103 l,3-dimeihy lbenhutne 15 50 6 40
04 l ,4-dmmethytbeniene
09 bromoform ‘m  2

t t 2  l .1.dumeth> lhenzcne 2 70 I
It ic-hepiana l 5 - 4 0 tr - t O
42 cu-propylheniene tr 3 (3 2
48 (‘.m -hefllene 4 20 I 12 2
49 dirnethy ttrisu lt ide 1DMTSt -c 2
S I I.~.5-t numc t hy Ibenzene 3 t 5 t S
56 C3-benzene 2 - I t )  1 -6 2
63 C3 -benzene 5- 25 2 IS 2

174 cm-oc tanal 5-40 ir tO 2
1 77 ( ‘ 3 - henzene 2 tO I 6 2
193 (‘4 -benzene I 5 ir 2 1
96 C4 - t’cen,ene 2 t O  t r 4 2

99 ( ‘ a .hen/ene I S tr 2 2
I - c h l u m r u u - c m - n m s  ma c lu I tO t  1) 0 1  standard

206 ( ‘aCfh~ 0e 2 tO tr 4 2
209 c,’4-hen,’enc I Ii) tr 4 2
2 t9  C4 -benzenc 2 ~ in 2 2
14 C4 - ben,ene I S m c

225 ,c-nonanal 5 70 in lIt 2
226 ( 4-hcn,ene 2 t O  ir 4 2
240 t,’ m nn H n~ 2 tO m m ’ 4 2
241 (‘ ,-hen,enc 2 tO mr 4 2
258 naphih atene 5 4)) ir 0
275 n-dec-anal 5 - SO tr lit I
300 t -chtoro-n-deca ne ( lOt It O ) standard
309 2-meihylnuphthalcne 2 25 mr 5 I
3 t 6  l-methy lnap hthalene I 20 in 5
320 n-irudecane (3 5 tr
35’ 2-e t hy lnaphthalene (3 15$ I
362 2 .6 .dumcthst naphthalene (3 201
369 ,m-tetrad ecanc t 0 0 m r
. 70 (‘2 -nap hthalene (3.201 ir 2
37 ) ( ‘ 1-naphtha lene tr - 20t - 2
397 aeenap hmhalene in l5~ - - 2
400 I-chlo ro-n-dodecane itO)  (10) standard
405 C~~~ H5 tr S 3
4 10 (‘ 3-naphthatene tr 01 - 2
4t3 (‘ ,H 1 - 3 3
4 17 cu- pe nta decane S tOO 5 —I S  4

42 ) (‘3-nap hthalene tn - lOt - 2

423 (‘ 3 -nap hthatenc in tOt 2
430 C 1-nap hthalene tr lOt 2
440 C3 -nap hthalcne in lOt —
466 cu-h emu adecane t 20 t 3
505 (‘ 7 H 14 t II 3
509 (‘

1~~ H34 - - t 3 3
S t  S n’hepiadecane t - 70 5 30
S t 7 pristanc in-S — 2

- Based on peak heights relative to I-chloro-n-octane, corrected for inefficient recovery where necessar y.
O Assuming same recovery as naphthalene.

Sampled in tate June and July 1977.
I GC-MS cis ing El and C l  spectra and by conject ion with authentic standards: 2 GC-MS using

1-I and (‘I spectra , 3. tentat ive (G( MS--( l spectra) . Alt El spectra were eonmparcd to library specirsi
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‘cu m - Ic — ‘ ‘ A  ~ c ’ c ’  u c  ~rIc i c - m u  - is ci  c c ’ ,i i i  c A~ .4m m— i tot

5comc u c t  he 1cm ~n i u m I c . g c u i I  & iu . i i .gA ’ m’  i t t  ‘ dr , ’ c , m t ’ - c -n ,t--c~-~~ t t ’ u m - c j ~ ! c materia l sorbed ‘ r i m cI ,iss 1 5,ls ’ ,r ’is and

~ c r m e entm , uuicm nS ~h. ‘‘~ in t~~i~~ ‘A& ’U’ tfl,m~ ’ . 1 c m  ( )um tnn I97~ ) u r h~~d im l 1ct m c . I u m ,
~uIl5 bonded tic other

i-s ,t rt u plc. in . m - M ,cm ch sc~ rr.i I 
- anip les c .i~ en h- - m m  - Ut game i lc a tu  ~k ) Boe hm and Quinn IV7 I \m’ s c’m i

a period of sc’ S ( IC ~t m I  ins showed i~& c uus i ,tei,ihIy Iu i f I ce r  m lu~ I m ’ s. an a1ipi u u v i r r ’ a t c  max imum air sea gas
Ie m,e ls of c m - ,ilt-,anr’, ~c cuI m m mcm c i rm hydrcce c u u , m u i .  pre- exc ..u m mg e flus can be est imated by assumcn iz chat
s unm ,m hl ’, ,tcn tsed (tom a sc n~ ‘ - sicl irco c c i i  u’ ‘ii(aflhI- these compounds are truly dissolved in seawater at
mia c iOn), A f ler t his ~t~c mnis  period , t he c.u. nce nt r mi uo nc tOng/ kg, the approximate levels found for emutended
w e t - ’ inai’ked ly reduced ( hemica) c m hr  ))m)gica l periods in calm weather. T he extremel y lc m w water
re m i m s  m is seem m u m  3, l~ to priaduc u .urc ahruupl solubil,bc, of these conipound.s land ot her aIsa c uc s~
~h,iii~” hut mi-c , u ~ . u im ‘ ,m -a exchu;.gc m d  p-i ’t f t  ulate c m comhinatu .-ns wm t h their known vapor pre s s u res  at
idscc rpt iof l  i c ) Iowcd by sum ct mni ientat u m ’ . from the w a ler  2)..) ( - lead to partition coefficients 1w in air per w ~
colu mn ‘tm,m a I m i s c  been - vnv~ lved I ~ter ii Ibu  ,c , i c  in water) in the range of 10’ IO~, Since we could
pentadecane and ‘cem ”, ’ u l c ’uafle ~t m , u w t ’ut sep m m ml - ’ ‘ mu 1 u r  n u m ~ detect these compounds in (‘D air , w e wi ll assume
crwcr ’ r t ratm o n c hanges ,c~~u ‘ : - m C i) .,’ s pcmci tic hio- the atmosp here u - c Ihermodvicamicabs a pc r lcmc i sink ,

. m3m icm f l l  prucct ’ssu ’s had hei’&mme dom ninam ut an d use the stagnant houndar~ layer model )Broecker
Most of t he p emm.. u ’ t ”  , um mr ’ mnd hept:- - u lcuane - ’ hserved and Peng, 1974) to estimate t he flu mu across the air sea

pro hablm, came ft nrm u biogcnm~ s m iuree,, W e s ,ggusl interface. A - c  inning a l’K) pm stagna uit boundary
t hat they w u m ,  pr m mv uh derived from the lo ,t j ben- layer thickness (corresponding to mean windspeed
t hi algae. rat her than tIme ’ phytop l,cun kt c m n The stand- 9 kts.). and molecular diffusiv ity for thts non-polar
ing crop and produec us it of the henihic, al gae were compound similar to that of radon (tO - 5 cm 2~~~) -

muud’ r grc’ ; c cr c mi this ‘ha lt ’s nears hccr .’ i n ”  is - u ’ r ’,mg u ’  d
dept h about three meters for sc,’ s - .’ .d ~u,m t m )  nm -i -I - c l” lux,,,~, =- —

offshic re’i ~h .mtu that cc l  the ‘mtms ~ ’ ’ pI.m nl ton I H lm n vs , —

; o c s I  ‘\lso the m u c ’ ms oc p lat iv lo rc prmvti ice u ; m - c , utu maL ’c )  ) — JO ’ ~cm 2 s 1 1(10 m u  gem I
)

h’, ,j rcctuu nhucn ’ ,, ucn~ w c i h  pent olu’ c ,u nu ,icid lm uj u ’ ,ide, . , -

cane I f l iulc u’ ~r at. 197) ) , and we ssouki ‘s pool ti m em

-e n ’ t hese ii the ph. toplanktc.cn w , re  res p m ,~sthlc for 
— I 0 ~ 2

the hy t ru ~~.mrbons in the -‘- ; imer Younghlood et &iI - g cm

i t  1 1)1’ ‘and that (scm . aI htm ’m’a n h m t u t  I mc c .il g ;cs mcn tm i n ed 
— — 10 ’ iS  m2

rU-it crnir m a ntiy pctn!~mdc:m. Alum - , while green and r e - I  ~. - 
( I )

thic ,uI~ ae’ contained maunly heptadecar.e They I-or gas exchange in the estensms ~ shallow area <3 m
reported that these compour.ds icceurred a t  about oteep :
002° , of the total a)gal dry we ig ht If - s e assume a A
~pning ‘urnmer henthie pr m n na u - prod uct ms t i s  in this = 

~~ 
-

area c cl  II g C ’ no 2 d;us iKan~sts hei 1966) and a g ( ‘  - ‘I di

d r y  w em g hi i im ic m ’  cc l  0.5, thu ” m ( m m  gr ’ -s c ing .,easc .cim

prod uction of t hu- ,e c.m’ mpoun t ”  us a bosut ‘3 mg ‘m2 ( IlO~~ ’ g cm 3 ) )  <3  x 1 g m 5 cm ’

uj as The st , u ic d i r m g stu ’x’k ‘m’,’ u r  (‘1) of t hese e u i mccp mc un ( f s  — lI) 10
~~. rmc ‘ ‘see

deter ir ,mr m c c m Os stripping was a h c c c u t  I)) m .g k g seawater ,
01 i ) . ’ m i i t  4~ m g Sr,2. t he- c ’ san s roug h i rcitnr ,,ites i c c i p ls

- 
- - < 3 ~ tO son less than 4 dass )2that if a ll the primary pr im dm u -on u , m tI m -sc h~ Ito—

c , in i m c -n ”  passed thr cmi g h a stage accessib le is \ (  . the II alkanes are presenl in solution in shallow waters,
standing sto ~,’k cou ld be tm m ~rmcu t m ise r marc tim es fx- ; the~ w ill exchange rapidls rio the atmosphere. In
day A lternat ise I~ if most of this ma ’s- rna l es ies fact , any dissolved V ( ’ for which the atmosphere can
through the marine arm s ironmerl iii fccrms fl iuxrssiblc be presumed to be a perfect sunk , wi ll have similar
to determination as 5,( - ~ 5 )c iss l’r ut m cver  u d  these residence times w t t h  respect t i c  air sea exchange m dc-
V( us requited ‘ pendent of concentration

If these and other alk,ir’es m r . g c r m ’su’ nm ri the dis - l’he absence of num erous other h’c & tr-cca rbons at
solved state ur a weakl y comp lexed form in se mu w. it &m r , CD (in the absence of petro leum contamination)
t hey should be subteci to Air  sea gas exchange pro -icm s mn ves commenl. ‘c- t& c s t  notabl y . t he terpenes
se sc ’s B- extr mm ~’ o Ialnng the ‘,Ia i ; m ml ‘s l u : \ c u t ’ 9 c  (19(c6 ) re leased ‘o the atmosp here in large quantit ics from
and Button (1976) , we c s m ’ m ! m : c t ’  t he lhemmod ynantic terrestr ial vegetation l~~c & ’ m u t , 1 960), do not appear to
solubility of pcntadccan’m c iii distil led wa ic ’r is 20- -tI c be transferred to the cim. is ta t waters we have studied.
ng- kg and hepiadecane is 1 2.5 rig kg. t h u s, we ~ug- We have achieved excellent recoveries of hmonene
gm -s m t hat at lOng kg pemnt adecanic is u t c c l ’mm c h ly at the and pinene spiked into seawater at about l(X) rsg kg
border line ~i its thermodynamic s - i  c n m l m t s  in -e u ’  The unfavorable partition coefficients for alkanes

( 
- w l t . ’r . w hile heptadeca umc .’ is probably not a ll presem it could present r~ &’ u t c s s ’ gaseous input t i c  th’: water

in a siuniple . ..mquc ’um u. u s sum) u lto n . I he pm u ’ m~ ih i l t t y  i l u ; m t  The absence of nearby rivers rflinimiies watenhorne
nm.ir is u c ! h & ’t’ forms ot hy d r oc ar lc cu r ms exi st  ii seawater transport of land-derived material s ~m.4oreover , pro-

a -Il - known, f rom t he cellular n la t e rcmm i suggestm ’ it du (mu , c ml of such compounds cs pentadecene and hep-
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102 R P ‘m u c u u ’ , m e l / i  m, c m s u  c m R I) lii’ uSA Ni) , P M ( c s c  m i s c  ‘ .i m im i ‘1 / .c c i mi o c

l ,m&i, ,’t’ii& ’ ) ‘t c u u m m g 1’l’ - - u ,: i n U ! ,  t ’ ~~~l~ , 1 
~

. alkemmes (dim. - r .)2 ,r !  A’ . a  . ‘
~ ‘

IS u c ) iC rc’fl&” M c ’um m e , mY 71 ) and prisiane u Bluucr ier c ,( a) • 111  1 2— D ‘-‘( ‘ t~ u’ . ~‘ ‘.:

l~~~~ l it (‘D us prech~hl’c much Iu’ s than that i i )  ri-C m 107
amid u- (  A ssim n hu ng the s .f mi mi ’ turncc s en time w c nh
res pect to air - c c i  gas m’ ss i m , i ’mge [Equation 

~Il t hu
r u - cu Ii mi nt sic,’amt s t , m t m. ’ m . m c m n m.m.’,r ra ‘ m & c r i  can he- cm pem ’ tem l
to he c u i i t c , ’ t s ’m. i ,mhl - u s s  ‘\dc ,t i i ic  cn~ l sinks such is -

.u & ts c r f m t c o r m  and musing ss i t ) ’  - c l fs hore’ wa iers can im md~
lcc we r  the ste . i m. t s i ,uiC leve ls esr ’n furt her

- - u s u A l , h i  dc c im i ch ’ , ms 
-

foluenc m m d  mans of the isomeric ( 2 to ( ‘ 4 ,u) k~ I
bcnzenies i re  present m u c g e f h e m  they form the group , , — - ~, -

ml ~c ’ m pccc u f l u t ’  m m s~ ,m h mmn d a mm t and consistentl y -

present at (‘F). I hum , ,c me found mi all samp les. despite
our precamm ino ns i i ’  mmnurni/e 5mm eliminate contami- -

~- O~~ - 204 - 13 ’  .SE.52
nation h~ t hese compounds. Th ey are absent in the I.~ • ?u)~ , 2 ,5~~~P v-m m m u ’

blanks and in tis u ’ titer sunn r les of air from (‘I) 
~ 12 1

Therefore we believe thai they are not artifacts, but ~ 
-

,ire aciualls present in the samples . Totuene (No. 45)
us often a ma~on peak: the other alk ylated benzene ~ - 

1
& umrm e n ’ n c t n  m i n i m- . covary The msomer distributions are
c c m m m se nie nt ls s t isp l.i~ ed mis I ‘vi l) mass chromato- 

~~~ J 
I

ei ,nms of t he (‘I (methane) mass spectr a mJ,mia files t4,j

\t. ik ung t he reasonable ,iss m mm pt ui) fl that these isomers
shm mw scmi la r pr i-c i mi m affinities, t he miormalu ,ed

I I ’ m,mss c ) m rum m utum gr . m mmm s ~ ve t he isomer distri-
h u u tmccr u s d i ree t )~ Figure 5 s r mi m ws the Cl - MS spectra ~ 

-

of representative C ’ .-, ( ‘
i - . and C4 -alk ’ul henzenes. “c- 

- - _ )~~~~ - - -

Fngure 6 s ) n m ) sv s ‘vi + I) ’ mass chromatograms
revealing the re lative isomer distribution, Relative
r , i t mm c s can be seen less definitely in t he reconstructed ~~~~~~~~~~~~~~~~~~~~~~~ - ,SE52

chnomatograms hr- rn-- e l s e - .. Similar patterns were
found for all ( I,) samp les . suggesting t hat similar pro- -

s’cmsscs determine the concentrations of all these
re lated compounds F,th y lhenzene (No. 1 0 1 ) and pro-
pvlhenzene (No. 1421 show changes in relative con-
centration. per haps due to an enhanced ease of biode-
gradability . ‘vl ,uns of t hese compounds hasm.’ been
reported ‘rcc-f icr e in municipa l and natura l fresh waters ‘ I
( m u c h  1973. K. (irob and G Grob, 1974: Grob ci

of.  t97~ : &rtsh ~-P a/.. 1915 Saunders el a!., 197 5; -

Giger u—i a).. ) & )~~(mg and in air (Bertsch ci saL 1975). I

K. Grob and (1 (;numh 11974) have suggested that - 

~~~~~ 

“ ‘
u’ , 

“

atmosp heric transport of gaso line-derived compounds - ,

55 115 t he ,smsurce , The’ estimated vs v ,mur per w v water)
partition coefficients for alkylbenienes are —.0.1 - I. so 

M / E’
atmosp heric transport and sm Imscq m en t dissolution is Fig. 5 Selected chemical ionization (methane ) mass spec-
reasonab le if w air concentrations are greater than ira of alkylated benzenes (A ) l.2-dimethy’lhcnzene, t8~
on equa l 10 0, 1 1.0 time’s the observed w v water con- l.3.5-tnmmethy lbenzene. and (C) C4-benzene

cent at ions )sce Table 2). However , since 55cm detected
no V( in a preliminary measurement of air , the
atmos phere would appear ‘o be an insignificant or. ima during the period of oil contamination )1-’tg. 2A )
at best, irregular source. The ubiquitous toluene has and also again late in April. suggest ing multiple in-
obv ious potential anthropogcmiic sources , but may puts. The C2 - and C5-a lkylated maphtha)enes were
a lso be of natural geochemical origin. Moderately only found in the samples presumed to contain petro-
high toluene levels have been found in Recent sedi- leum-derived hydrocarbons Figure 7 shows Cl (meth-
ments (J Whelan. personal commnmu nicalion). ane)—MS (M + l)u’ mass chromatograms for these

N c p ht hulen ic .’ ll’so 258) ,anc t the meth y lnaphthalcncs compounds. The isomer distribution is similar to that
Ni> ~O8, Nrc 316) both showed concentration max- found in a No. 2 fuel oil sample analyzed (see Figure 7i
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04 Ft P S, ’ImwAii7 i \ mc5 m ’ Ii Ii It Blu r’ ’ ‘~ ) f~ ‘ri (km c - . r c “mi~ and (“I (‘  7 c m i ’ i R n c c c

Ox t ,~r ’ nc L mcc cm f ’ mu i m c im ls sa l .  967). Kad cmtm i and ls hi nj,u ( l 9 7~ ) pius i u lated rm iet h- , l

The normal sc im - to ten-carbon ald eh mr des Ni)s (il , mercaptan as a precursor to DMDS from rrris ro-

12 1 , l~4 225 . 2’S) wen t the onis m s s g c ; c  su cmc m.i u ning organisms. DMI’S has been found in lake ns. ctm. rs

compounds uet u.mntc l ied N c  m.ithcr rce ’ , k - .  had MS (Grob and Grob , 974), waste waters (Keith. 1916)

properties sucgge~t i m . r  mci  u c s ’c gcn fumi e tu o nal i t s  .
~ 

and in a sari s ) of terrestri al pla nts , espcci. ill~ sm.’g .

times , these’ ,mklehs k’ s we re  m.i~or con sti tue nt s of t he et r u blcs leg . Carson and Wong. 1961 ). Thu-se corn

Vi.’ , especi, ll s mm - c m .c m ter the spring chlomc’ phyl l  ~ 
pound’ mm m v he relaicmi no the cyclic po ls su i l t i r im.’ -.

masimum (1 ng 1) ‘\ m th ,it tunic hesanal (No 6 )  reported mu red alga (Wratten and Faulkner . l oThi
These sulfur compounds may have special potential

rc~chcd appros RX) ng- k g arid heptanal I No 21 1
about 4).) ng kg These ~ucm pcnunds have been detected as process tracers if their source can be more spcciti-

before in fresh water samples (Lurcher and Giger. catty understood . Their flux from marshes to the at-

1976). Thes are know n constituents of fresh water dia’ mosphere may be significant in the S budget in these

ioms K ikuchi n t  ttl.. 19 74) fres h wal er yellow - green environments (Maroulis and Bandy. 1977).

algae (Collins and Kalnmns . l9 (c ~ ), and of marsh grass Wusi ” - ’/ Ianc . ’0u4.c coi~upoun d.c
(Miles ci at, 973) Hesanal has been suggested to
arise from the metabolism of linolr ’uc and linolenuc Se lected mass searches were made in an effort to

acids (Jadhas m i  a- . I9~ 2) N onana l No 22 5 )  and identify other compound classes, especially those

decanal (No. 275 1 show poor quantitati ve reproduci- which might be expected on the basis of previous

ht ltt y and are found in traces in some blanks It -
~ 

work on marine samples or fresh water stripping.

t herefore difficult to assess their concentration in sea- Tetrachloroethylene (No. 60) and bromoform Nm) A

water They have been found as constituents of esscn- 
109) were frequently present . but other volatile halo-

t ial oils of terrestr i a l plants (Guenther ~ (2 1.. 975 ) genated compounds found in marine organisms

Ald ehydes are recovered in only moderate yield in 
(Moore, 1977 j  were not detectable in our samp les
Most of the many unidentified peaks in our samp les

our sy s tem )Fahle I) . Model ketone and c ’sier com-
pounds sr ’er m recovere d in better yield, yet mis c  repre- are current ly recovered in such lo~ concentrat m ,ins

sentat ives of these compound classes have been found 1 <1 ng, kg) t hat blank and GC- MS sensi t iv i t y  prob-

in our coastal water samp les The balance of sources lems prevent us from quantif ying them or identif ying
t hem unambiguo usl y.and sinks for these compounds apparently does not

favor their reaching detectable levels , While esters ~ri arsh ( ‘ rc - m ’ & v
may ra pidly- hydrolyze (preliminary work suggests a
half life wi th  respect to hydrol ys is in seawater of a The tidal influence on V( composition at ( I) us

few days - - - - P ‘vi Gschs ’end , unpublished results) , neg ligible . In cont rast . it is major in t he m,ursh cneek

ketones would be espccicd io be chcmicaiiy more stu died (Fig. 41 At high tide (Fig. 4Bj , the chromato-

sta ble than aldehydes. A lcohol and phenols are very grams resemble those of Buzzards Bay water , wit h

difficult to strip from seawater , and for practical pur- some trace of the components seen in marsh water

poses our met hod is insensitive to them at low tide as well (Fig. 4A). At low’ tide, t he C 14
and C i -, monoenes (No 405. 413. 505 . 509), DMDS
No. 31)• and DMTS (No, 149) are very prominent

Su I/iu r eocct poi muumis components. The alk y lated benzene concentrations
The sulfur compou nds dimethyldisulfide (DMDS. varied considerably in mars h samples at low’ tide

No ~~ and damethy ltrisulfide )DMTS. No (4 9 )  were (1 -1 0  rig-kg total). and the isomer distribution a lwa m,s
found at moderate concentrations in many of the differed from CD. Mesitylene (No . 1 51) w ,us present
(‘F) water s.ump les. Their concentrations tended to in higher relative amounts in the marsh at kcw tide
increase in res irups IF ig. I B). especn~ully after 24 hr (Fig. 6B and 6Dl. Further work may reveal more
I t- ig . IC). Therefore , t here seems to be a biological about the processes responsible for th is diffe remnee
or chemical source within the water, In contrast , t hese
Iwo pea ks were invariabl y present at low tide in Temporal m ’ar t at io ns

mars h creek water (Fig, 4A). often as the largest In addition o inventoryin g ‘v( at CD. it w,us our
peaks. They occurred at lower levels in marsh w at m m i purpose to elucidate the processes affecting thesc
restrips We sUggest t hat the s,ime proce s forms these organic compounds at this coastal site. To this end .
compounds in both environments. While this !,mrma use soug ht temporal correlations among VU concen-
t ion process is virtually complete in the marsh waier s tration s auud othcr environmental pa rmumete rs.
before sampling, it con t tnu e s ma occur in Cf.) water .‘s lthough marked variations in specific V (’ conccn-
during ou r ana lysts trations were found 1 ig. 3). no direct or inverse cncr-

DMDS has been reported mis a major component relations were observed with nutrients (PO~ SmO~,
tn the gaseous emission from ) — , m c t en m a and fresh water NO r - NO 2 NH 3 ) or tem perature. The decline of the
blue green and green algae isolated from various -co il spring phytop lankton bloom, as demonstra ted h~
type s (Banwart m d  Bremner, l9~4 i and from eutro’ chlorophyll a, may correspond to a period of organic
phuc and less productive natural waters Ras mmm s s m - n i remincralization. and thu s in turn , may be rcf1eçt~d

9 ’
~- 4 l .  ,and from blue g m enm:  al ga l cultures (. Ien kins u-i in the pronounced increase in aldehyde concen-

~~~~“S —. ~~ — -
.~~~~ i - ‘S ~~~~~~~~~~~~~~ m.~c’ . s .~~~~~. ~~~~~~~~~~~ ~~~~~~~~~~~ ,~~~ 

,
~ ~

. . - -



‘5 u - t .A i i t C  . r f g . c ! i c r  s ’n cmm m 1 , r c u u u - l  mu s uma c _ i t  i, u ’*~r ( c  u t i c

trat i u ’ ics , is d crn ccrmstr al u’ ri by hexanal in I’ ig 1 . I x c c f r  cm l  , c’.mt ) ‘, hr cm c ’ c~- ’1ims -‘skim we hate  Iri curn , tha t
far suc h uncertain features , r e ) .ct ~d trr ’ m ~rI-, in nempunal ‘once 51 m r in ) ,mr cj- , c lilt i c c i li to um en crmmn c by low - k v u - i ( i t

s’ , i r i , i t mrcns  of t he V ( w er e not apparent purl .~~u l t c r - . ’ and aldetuid i ’ c smir c i ve our t u ’s’lnntques
I b us  situation mum a y- s i i c n pI~ m c : ) t c ’,_ t inm ule q i m _ m e ucs in at tow Ic ’ t - Is I t - c s  v’un , by prulm>nged stopping

the amount at spatia l and tentporal rusol cu ’c m c r i  0 M;,s K nrc - cu r  ma . measure iv ) . c i us c l c  polar compounds
these pr~limin ars data. Alternati vely, ii may be that w h ich we itu not dete rrnuue Also , bu w - h u u I u n g  c m c n c
indi v idual um rg ac i ic compounds t s pcc a l l v  have r , c ) n .r pounds may ev i st in .n ’ .m usii cr at u g im levels , our (‘S~
specific h m a l c c g ’ c m i  sources and sin ) .s, In that ccv i  bio- peak obscures eompournd boiling below (u( I (‘ V ie
lmcg m c. i l Is  re levant pa rm rr m etu s ‘um c h as rmutri ent concen— have c c hs u , ved tinge m u ’ ’ umn t s ii) ~ ,i’ b r u c diox ide , pen-
t u u t m r c r u s . chlorophyll level , and temperature , vs h n u ’h are tune he s , mm te . methylene chlo ride, icu , iuun~, ,-mn d bu n
hu~r i lu mm c c m m ’ s p u r m t n u . would not show strong uni ’relmi - ,ene in samp les ana l , ied by the Tu’nav ’ method .
tions w ut h individual VU levels : unsie: md . compound Vi hml ~ mucci m of m f lew nm m : m : r mis is likely m m  be l.d~c m r ,m-
levels would correlate best with their speemfic sources nuur y  con ta m nnn .cn u u ,n , nn uc - - ug r ’ unn- c of these compounds
arid sin ks l’hese may frequently hc t he metabolic ac- s tar  come ( r u c r i c  the sample In sumnmars it is difficult
i lv ,t t c ,”, of individual genera. species, or even sub- to compare our results with the res ults of other
pm r pmiLut i rcns of the same speune ’r The likelihood of worker s who use different meth ix(mrlogica l
thc - s c  and ihe r such c- . mr nr ic ’xIt ics has been discussed approaches
( Blamer, l97 5~ Despite l(uu5c potential problems , the
variat ions observed in V(’ levels suggest that ihey are 

SL ~~I~~ i AR V  A ” t )  ( ( P(  LI ‘c10 ,S
m ntmmate (s r.vc slv e d in various coastal marine pro.
cesses The ‘stripping’ mcthuxl us :c vi:ihlc and usefu l

approach for stu dy ing the volatile organic corn-
I ( and OC pim nent s in coasta l s c u w a t e r  samples , m m m c  marsh es

Alth ough it cs not our purpose to assess the ets It has been fu’mcsc hle to at tairc the - ,c u nk s neco-
arnotunt mmf sc ’, u usrmte r or~ rir umc mutter which us ‘volatil &, venues . reproducib ility and sens iti sity required for
t he rather 5 mw levels of individual and total ~

‘ (‘  (hit quanti iatuon and identutkaiion of a stnuctura ll ’~ vari e d
occur in the - -  uuvUi I waters of ( ripe C od is rather set of organic compounds Potentially this set in-
striki ng Earl y Russian work (V ct vu k , 9(u~ qm i uned in eludes compounds w uth in  the boiling range
Skopintses )uTh(vi h.md suggested that the VOC repre- cm- f ’ . n- ( ’ 8 t hat are not too vs -; ut ’ n soluble or ru- a ct ive
-,mn l c , i I 2°- of the TOC in ss’.mvS mu t C! ‘v1.ac K cnnon The method is relative ly nruuhte-fr ec . rapid, and
( l9 7 7 , personal communication). utili.- m n m g an shows g uru s ) reproiuucrbml ity under realistic environ-
approac h which he felt provided an upper l i r m r l  to menial sampling conditions, Incomplete r umuov er y  of
the amount of vo latile carbon in seawater , stripped volatiles from highls turb id samp les may complic ate
HgUl 2 -poisoncd ic mi n ( tene d samp les with N2 using interpretation. hut also yield- rI r m n c . m t c c c n  about V (

i rs  m:c ~ temperatures and times. Subsequently. he adsorption and (mc i  ‘rn . i t n icn I r .  mo.~ss es

determined the Tenax adsorbable volatiles by thermal About 30 5 mc m pounds have been identified mu
desorption and combustu on ana lvscs He found about samp les from t he u c c a ~ial waters 0f ( ape Cod,
I” , ,  ui t he coastal TO(’ was vo latile by this procedure Massachusetts w i th  m n d i v c d a a t  abundar mues of
at t7) C. Th us MacKiitnon recovers about 10 ~0ug ! - $ ~ ng k g cnd is’tdu mnl levels above 7)) ng,kg art-
‘5 ()( ‘k g. rare. I hue- u con’tpournds includ e alk anes. a lket ies , mm i i-

In contrast , v u  find on ly about 0,2 - l , l i . g k g by matic and alk sI-aromatic hyd roctu rhons , cm-al dch ydes ,
- summing the conc e ntnat ucnns of the VU and convent- methyl sulfu r compounds, arcd some hakcgenated

ing to V i  X ‘l’hc:rs a - u ’ severa l possib le CX; diiflmi t uc ) f l s  umu ninpounds No ketones. estens. or tenpenoid hudro-
for ibm ’  discrepanc~ car bons w’eie recovered, Wc t h the possible exception

(I) Volatiles are non -unutorml y distributed arid data of com pounds attributed to petroleum contamin ation .
Cannot be intercomp-aned s-a lkanes in the U, (‘

~~~ 
range , branc hed alkanes. and

(2 1 ‘5’ ’ c l;,t Ic ’ s do not survive some steps in oun pro- milk um nes were ~m l .ui ibseru m or present only in trace
cedunc l c h , m r c c c ,ul t rap. active or hcct  G( surl,iccs l quantit ies

I 1 Low boiling volatile -c are includcm( in M.mcK ii- Some sources c u t nuc imsi du a l e m rm fl j s u u u u c i s l - , have been
non’s rimmasu rru mc nt , whi le they are masked by the sol- siugg t’s !cd W u i (ut m i thur biological realm , there are
vent rw c ~ in our s cc ,am np les of compounds h u m  ire prcc habl y deris m ci

-t n 1 m -  K innon s prc xed uu ne provides an overesti . m o m  different cl ,isses of hu ’ mi hic _ u l g.ic. (si .( r ~. c c - (
mate trmn irs h al ga l mats ( a lk u nu c Nucs ,iP~ 113 , 505, ~

)
~ )i and

~~ hilt all ol t hese’ a c to r s  may be invu n lved ii- si mile bacterial piocesses le g  DM05 and E)M 15) Several
degter ’ the first is unlikel y to be m’ r ’sIur)nSi ble on the c i tsse s  of u’ mn i n i p m u c u m c m l  . th a t  mig ht he ex pected to have
mnu . m - c m part of the dis crcp incc s as use birth sue mc an airnucsph e rm u source us-crc not found, such us
muc k r i t e  si r ’  ~ u .rc ol spa I tot cr in purr a I lii urn - c scenet i y branched sat u rut e l  h sd roca r bon y from 5u -i a- li tie and
wit hin m u i r  ru’sp u-ctive nucth,s ls , We d c i c u l c t  that la m ,’toi te rpenoid ccuu n u p ciu n ds fr om rrrest r t a)  egct mm ion
two  is domin,urm t nit we ob ’ uu i u  chromatogra ms living The time var iab i l i t y  of the data smuggest that sour ces
t i c c r u r . , c ) ly desorhed ‘l’e nmus simi l , mn to i ra n routine c h,ir ‘ - m d  sinks mm mc r ’h .i rigc voIa t )les k’cels us m i hun  tIme

r’ —. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ - ~~~~~~~~~~~~~~~~~ ..b 
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106 K I’ Sc nyu usii s i r s u  H K II tiRcisi r % cc . 1’ ‘51 (is, u s c  ‘~m ’ ,,nd i t  i / s i  mi m ic  mc

c c c ui rsc of a less , l .us s — ‘ s ir  wat e r  c , m m t u i i s n u’ c cu ’l i, nu: nis hro rr n_ mc uig rap hs - unhu’ mm e c l  c u m n m , . , i u u c m u  mass vpec. n r ccru mrnru
and u s c  hunge ~st icnJic s sugge st t h u  gas evasion tram ~ hu ur r uus iu u ur  - v I ~2. p 2-4 -4 2 . 9

ittumner. ‘51 Mullun, M and ‘thomas . U . . 0,4 I’ - - ‘ n,
sliau ir uvu w a t e r  mn. m \ be an um portani sunk ,  u-specially

- 
in the marcne env ironment H, ’ iqoIa,’nd,-r 13c5 . 51 -re-

i ,cr  , i lkatccs Since us,ir c’m cnso luhm lity. r u tl m e r ba um h i g h sUfl m, ’CSS S ‘. t O , p 1 5 7  2 t r l
i l i u m  i t S ,  is the maj cr f ,ictor Jc tc u ’muncng the large Hiurner , M I ‘475 Organ -- con cp ou m mids in na tum c tcm m n

u n  uS , i er part lion eocthcienl,s or many tiot’m - pu c I. um c c l  our knowledge ~ ‘ n ( hr nm v i~ p 507 ~ t 4

com pounds , adsorption u.n pa rtuc lc s and scsJin~eint is Blumer , M - Gij ulltird K R I . mind ( has , T . Is ‘I I l c u i r ’  -

uar 1e- umns cc l  niamni me ’ phyiuc p~.m c a kt urn S t ar h u n ) - c p
.u ph s s u s ’ - - u l m c n n n u c m l l c  p , ui , m lte l potential s unk l c u ’ ’~h 5~ 59

cmii reco v er y  of V (  in I unbid samples also scm ggu ’s s  Boehm P a i d  Qsinn , J fl Soluhitu,aimon ol hs d r u c
,in ,mssoc n muiton hen -,s,’ . m n  partic les mind these cccm-  ~ c r hu mns h5 the ituss uc lee d cmi eanic matter in ce ’mivv . ,iei

pounds Ns c ohs m a c i s  b u o l u u g c s . u i  e ) l c ’~ Is were rcv c ,m led I ,r ’ uu u 5. ur u ( ‘cms m o, hour ~i- ma , 37 , p . 2459 247~
Bruce, k s u  W ain’t Peng. T -H .  974. Gas csch angu- rates

by ,m ~e.mrc h kc i co rre tattons of concentrations of ‘5 h~m usv - air and sr ., Ic ’/l~ s ‘. ‘ 5 5 , 5 1  p 2 1 15
w i lh f lo i r uCnts The itc,ur ly euc nsta nt isomer patterns Brooks , J , and S u .S ii . V. 973. Sources , su nks and cur s-
timid simila r time heh.ivior of numcn s csus ( 2 C4 alky l ecnir amio ns of lig ht hydnx~ rhons nfl the Gulf of M u c u s

hm.’ii,encs demonstrates t hat the tv au lmih k s i nk s  do not J. Gm ’op ) c i . s R u ’s - ‘s p 524 5 52 55

dis criminate w ithi n this ~l,iss of cotumpounds . des pite Button, D.. I’i’ u u The influence of s lay m mm d ‘c , ~ter m, u art
t he eonCeniraiuon of dis s o lve d hcdrocarhon in saline’
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Appendix IV. Physical chemical data for C2— and C —benzenes taken from
Handbook of Chemistry and Physics (l~69) and from Sutton
and Ca lde r  ( 1 9 7 5 ) .
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Appendix V. Mass spectra of some hydrocarbons and halomethanes released by
benthic algae into seawater.

j 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~

. ‘
~~~

‘ 

~~~ 

.

~
u- - .

~~~~~ 
- -- -

~~ 
-
~~~~



ij)

-I-

F ‘- -i

~~C\J

i _5

S r~i- u - ’

u- u-’—

r1
0

II)

U
L

cu- -I 
_ _ _ _ _ _ _ _ _  

___ ________ i’
1) 

__ ,  u- u- -- - ‘— - - d -

I

-— -~~ -— . -_-
~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- ‘

.i~~~~ 

u-v- 
~~~~ s., .~~

_ ‘ ‘ .  u-., - ,- 
‘ ‘-



5J 1 —
~~~
--—‘-- - ‘_ _

Lu-

EJ

~~~~. u - . . l u - u - u - u -1
~~

____________________________________ 
‘-u- —-.-- ‘.— - -



L0 1 ~ Lf)
C\J

—

-~J
=

LU

— ~iJ
A 

—- ----i==

I—I

-~~~~~
_ _-

-

(‘—4 S

_ _ _ _  
0 Pu-

—
-i 0)

____ --mi-’--

- u-i: ~
-

- —— - Q) 0
_________ L~J U— LIu-) 

~ 0

_ _ _ _ _ _ _  

—

~~~~~~~~~~~

c

~ 

“~ --5

u-cu-, (“ ~~~~~~~~~~~~~~~~~~~~ 4~~~~ ~~~~ 

~~~~~~~~~~~~~~~~~~~~~~ 
y- ,~ - - - ‘ - --



LU ~~~~~~~
‘--- - - -

~~~~~~~~~
- --- - 

- - - -

‘I

-

LU -

!L. -

~~~~~~~~ 

_

-

0

.
0 0,

— Pu-.-—  
~~~~

- —
~~~~~

— - — 0)

~:J 
- . -‘ ---—-‘-— 

‘-
___~~-in=: : v ” ’  

~1I P— — 
.

Si) 0
_ _ _ _  — ‘~Si:~ 0

Ci~ Si)
_ _ _ _ _ _ _ _  -c-n .) 

——________

—D 
(0

- 
~
..--•i 

~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ u-”~~ -_I - 4- u- ’ “ u - u - .  5 -  u- . ,  - - - - --



_ L0I . -- -~~ .----_~~~~-_  -- - -~~--- - - -_ _ _ _

- D
-ci- 

- 

cs_i

-U) -

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  L()A 
‘—C

I—I— 
‘
C’,

—-—mi (-cs~

(5~~

‘—4
_ _  

0

-‘

r~~~(

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
- u-iJ

u-1. ID

- ‘V ~1i~f
_________________________________ E)— 

L0 IDu-p
_________________ ~~ —4u-u- 

u-fu-) ~~~— - 0~ 0
ID 0

- —_—,~~ ‘~~ u-u-— - -,

‘ ,-‘ - - ‘ “it,~u-i~~ u-
~~u-,u-~ ‘~ - u - ,  ,~~~“ I - ~~‘u- ,, ,“k’~~ , ‘~ m~

_,1. A’ ‘,u- - — ~~~~~ u-~ 
- _~~i 

- ‘5, ~~~- - u--’ — • - -— —‘--—- —--—- — -— - —



D

= 
-

~~~~~

-

— cs_i

cs_i

A -

0

0

_ _ _ _ _ _ _ _  
ru--i

0
- 

ii)

- -



______________ ri~- CS-)

- LI-i
cs_i

(-4
0

LU
-‘--A

0

‘V
u-il

- A-)

— - 0—: -u-——’
— 

0
4:.

u-L)
—I- u-C)
0

- 0
- u--IC) 

(0C)__________________
-~~~~ 

. -. I

-
~~~
-— —

~~~~ ---— _ ‘n_—

__
~ ;?u-1 ~,R f u - i.u-~ ~

,, 
~
, ,, ,~~

, ‘ ‘I — •u-~ ~~~ — • —- ——- — -— -

~~



- --- - --- - -

I ~

-

c\J

_
_ I-

u)
5--I

u--I
_ _ _  

0- - - 
~~=__f (\J

0

[r ~)
L~~

)

:1 j

I
_ _ _  _ —

~~ 

A

-u--— ,-’-’--’-’-’j -— r —7--’ -

-
- - _ - ‘ 

‘ _

~~~~~~

‘—‘,-. ~~~~~~~~~~~~~ ,.~.A 
~~~~~~~~~ ~~~ - ~~~~~~~~~~~ ~~~~~~~~~~~ ~ u-~~~~u-u-,~~~~u- , -~~~~ ,u- 

__
~~~
,
~~~

- ,u- - eu-u-
, — —  --



L

r

- I--- —
-
~~

-
~~~ ,—1

5~
)‘F

c\J

0u -i - ‘

‘V

-I-.4’)-

~ ID0 -

0

_ _ _  I ~
‘
u-~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
—--‘--~~~~~~~~~~~~~~~~~

-
~~~~~~ 

S

— -~~ - - —‘ -i-5~~~~

”,-- ~; •
b~~~~ ,u-i,i,.mi

~~ - ‘~~~~~-:~~~‘
-t ~~~~~~~~~~~~~~~~~~~ ~ - ‘ u - -’ - -  ~~~~m- ’ ~~~ ~~~~~~~~~~~~~ ~~~ 

- - - ~~~. _ - --



H - - - ‘ “- - -‘-(~\J

_ _ _  I

- - -~~~ - - _ in~~~~~i,_ - _
,~~~.‘-_ ~~ ~~~~ u- -~~~ , “- - -. ~~~~~~~~~~~~ - c- ” ~~- - ~~~~~~~~~~~ .~~ ~~~~~ ~~~ ‘ ~~~ 5, ~~~- - ~~~ ‘ ~~ — - ,~~~

-~~~ -



I —-- ---- 

—r

LUcs_i

cs_i

- - — 
~~~~~~~~~~~~~~~~~~ -

I-I

LI)

4:’

D
D

4-)
Si)

— 0

c-f
u-P
S-IC) 

f m -iC)________ _ _-  _____ -
S u-

— 
‘ - - 

— 

~~
‘
._ - , - ‘s. -

~ -a-m ,.i’ , .., ~~~~. - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,- s•~ - ~~~



I ,)

— ‘I

-— ‘~ C

}

-
~ U)

~~~~ 
,,T.i

F 

—4

5- 5-3
4)
ID

LL ,’i C. 

~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~ _‘f44~ ~~ - ,~~* ‘  ~~~~~~~~~~~ ‘u - H~,~ ~~~~~~~~~~~~ -
~~ ~~~~~~~~~~~~~ -



- TT’I: 

‘

i

’

i

-

-

LED

I 
~

- — 

S 

- - 
‘

u- 
ci~~~M. ~~~~~~ - ~~~~~~ -~~ - ‘~~ ~~~~~~~~~~~~~~~ (“44$u- ru- i  -, - u-- -- — ..u- ‘5- -‘.7- 5 - -‘- - ‘  • - —-—-—-- --- - -— - --—



REFE RENCES

Ackma n , R . C . ,  C . S .  Toc,h ’r and J .  McL , 1(-hlan. (1968) M a r I n e  p h y r o p l a n k t o n
f a t t y  ac ids .  .J . Fish . Res u- Bd . Canada , 2 5( 8 ) , 1 6 0 3 — 1 62 0 .

A ltsh uller , A u - P . , W.A . Lonneman , F.D. Sutterfleid ,‘snd S.I . K o p c z y n s k l .  ( 1 9 7 1 )
Hydrocarbo n composi tion of the atmosphere of the Los Angel es Ba s’tn—1967.
Environ . S d .  T e ch n o l . ,  5 , 1009— 1016.

Anderson , N.R. (1977) Concepts in Marine Organic Chemistry . Proceedings
NATO/ONR Symposium Endlrihurgh , 6—10 September 1977. Marine Chemistry ,
5(4—6), 303—643.

A r m s t r o n g ,  F.A.J. and G.T. Boalch , (1960) Volatile organic matter in al gal
culture media and seawater. Nature , 185(4715) ,  761—762.

Avigan, J. and Mu - Blurner . (1968) On the origin of pristarte in marine
organisms. J. Lipid Res., 9, 350—352.

Bar n-l er , M u - ,  ~). Tis l y, A. Saliot , and D. Tourres. (1973) Hydrocarbons from
: ‘awatcr. Deep—sea Res., 20 , 305—314 .

Bell ar , T.A . and J.J. Llchtenberg . (1974) Determining volatile organics
r~~~ran 

— per litre levels by gas chromatography . J. Am. W u -’iter
-rks \ssn., 66, 739—744.

H.-llar , T.A ., J.J . Llchtenberg and R u - C .  Kroner. (1974) The c~ccurrence of
u_’rganohalides In -blorinated drinking waters . J. Amer. Water Works
\B sn ., ~n 6 , 703—706.

Ber t u ,n h , W . R .C. Chang and A. Zlatkis. (1974) The determination of organic
volati les In air pollution studies: characterization of profiles.
,J. ii r u m a t n gr . Sci . , 12 , 175—1 82.

Bert -~~h , W., Eu - .-\ind € ’ rson and C. Hoizer . (1975) Trace analysis of organic
volatiles in wat (-r by gas chromatography — mass/spectrometry with glass
cap ill:i rv columns. J. Chromatogr ., 112, 701—718.

Blumcr . M., M .M. Mullin and D.W. Thomas . (1964) Pristane in the marine
environment . Relgolaender Wiss. Meeresuntersuch., 10 , 187—201 .

Blumer , M . R.R.L. Guillard and T. Chase. (1971) Hydrocarbons of marine
phytop lank ton . Marine Biology , 8, 183—189 .

Bl uner , M . and W .W. Youngblood . (1975a) Polycyclic aromatic hydrocarbons
in soils and recent sediments. Science , 188 , 53 — 55.

Blumer , M and W.W . Younghlood . (l975b) Polycyclic aromatic hydrocarbons
in th e  environment: homologous series in soils and recent marine
sediments. Geochim Cosmachim Acta , 39 , 1303—1314.

-260—

,u-~~
i

u-_(~ , : u  “5’ - - u-P ’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ - - - ‘
~~% ~~~~~~~~~ u - ,  ,~~~.-- - — -—



—261—

Blumer , M u -  ( 1 07 6)  P o l v i - v c l  ic a r o m a t i c  compounds i n  nature . Sc i ’ i it i f le
A m e r i c a n , 234 , 35—45.

Broecker , W .S. and r. —H. Peng . (1974) Gas exchange rates between a i r  and
sea . Tellus , XXV I , 2 1—35.

Brooks , J.N. , A .D. Frcdericks,W.M . Sacke,tt and J.D, Swinnerton . (1973)
Base l ine  c o n c e n t r a t i o n s  of light hydrocarbons in the Gulf of Mexico.

L E n v i r o n .  Sc i .  T e c h n o l . ,  7, 639—642.

Brooks , J .M. and W .~I. Sackett. ( 1973)  Sources , s inks  and c o n c e n t r a t i o n s
of l i g h t  hy d r o c a r b o n s  in the  G u l f  of Mexico .  J. Ceophys . Res., 78 ,
5248—5258.

Bumpus , D . F . ,  W .R .  W r i g h t  and R.F. Vaccaro . (1971) Sewage Disposal in
Falmouth, Massachusetts. II. Predic ted  E f f e c t  of the  Proposed Outfall.
Journal of the Boston Society of Civil Engineers , 255—277.

Burresori , B.J., Ru - F . Moore and I’. Roller. (1975a) Haloforms in the Essential
Oil of the Alga Asparagopsis taxiformis (Rhodophyta). Tet. Lett ., 7,
473—4 76.

C a u t r e e l s , W . and K .  van Cauwenbe rghe .  (l97~-) Experiments on the distribution
of o rgan ic  p o l l u t a n t s  between airborne particulate matter and the corres-
ponding gas phase. Atmos . Environ., 12 , 1133—1141.

Cha l l enge r , F. (1959) Aspects  of the Organic Chemistry of Sulphur . Academic
Press In c . ,  New York.

Chase , J. (1972) Oceanographic observations along the east coast of the
Ln i t e d  S t a t e s . U n i t e d  S ta tes  Coast Guard Oceanograph ic  R e p o r t  N o .  53.

Chuecas , L u -  and J .P .  R i l e y .  (1969) Component f a t t y  ac ids  of t he  t o t a l
lipi ds of some marine photop lankton . J .  Mar.  B i o l .  Ass . l’ . K . ,  49 , 97—
116.

C i c c i o l i , P . ,  G. Be r ton i , E .  Branca leoni , R u -  Fratarcangell and F. Bruner.
(1976 ) Eva lua t ion  of Organic P o l l u t a n t s  i n the Open Air and Atmospherc’s
in In d u s t r i a l  Si tes  using Graph i t i zed  Carbon Black Traps and Gas
Chroma tographic — Mass Spec trometric Analysis with Specific Detectors.
J. Chromatogr ., 126 , 757—770.

Cla rk , R u - C . ,  J r .  and M u -  B lu iner .  (1967) D i s t r i b u t i o n  of n — P a r a f f i n s  in Mar ine
Organisms and Sed imen t .  L i m n o l .  O c e a n o g r. ,  12( 1) ,  7 9 — 8 7 .

Cl ark , R.C., Jr., ~J .S. Finley and Cu-C. Gibson . (1974) Acute  e f f e c t s  of
outboard motor effluent on two marine s h e l l f i s h . Environ . Sci. Technol u- u -

8 , 1 0 0 9— 1 0 1 4.

‘ ‘.5’ 
— ‘

~ ‘s, “7-’~~~~ 
‘ 

I “ ~~ ‘ u -  u-u-~~ u-p’ u- u -  ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~,~~~‘SS ~~~ - u - ~~u - ’ -~~~~~~~~*~~~~~ - ________



-
- h ,‘ -

Cleve land , W . S .  , B . K i  t ’ i n e r , J .  ~. M e R a e  and J.L. W a r n e r .  (1976) l ’hotoi ’ l i t ’n i j i ’ a l
air pollution : transport from the New York City area into Conn (-ctfc-u t and
Massachus et  t s .  Sc i t - n i - i- , 191 , 179—181.

C ol l i n s , R u - P .  and N. Kalnins. (l96S) Volatile constituents produced by the
alga , ~jy.pura pt- t e r ss c ’ni I —— II. Alco hols , esters and acids. m t .  J. Air
Wat. Poll ., 9, 01-504.

Coiiover , J.T. (1958) Seasona l growth of benth ic marine p lants as related
to environmental factors In in u s l u a rv u - Puhi. Inst. Mar. Sd ., 5 , 97—
1 4 7 .

Cook,  A u - H . ,  J .A .  E lv i d C e  and R .  B e n t l e y .  (1951) Fertili zation fri thc-
Fw ’ aceae : i n v e s t i g a t i o n s  on the nature of the cheniotactic substance
produced  by € ‘~~gs of Nu w-, s er r ~i t i i i ~ and F. vesiculosus. Proc . Roy. Soc .
( B ) ,  138 . 9 7 — 1 1 4 .

Crews , P.  (1)77) Tlu’ H r - .i ith of ~l unI terpene S’-nthesfs by Marine Red Alga e
Potential tIl ~~~ f 1e ,i1t h - s  in t i ,  ir Application as Taxonomic Markers. In:
“IHirine N a t u r  1 Pr I l l !  t s Ch ernis tr ’’ , fl . 1 . Faulkner and W .H. Fenjcal ( ed s . )
P l e n u m  P re s s , ‘,- i iIr l~ and Lon 1 ‘~~~~, pp. 21 1—223.

Darnall , IC R . ,  A . C .  L!- ’ : l , A u - u - I .  W i r i e r  and J . N . P i t ’ t s , J r .  (1976) Reactivity
s c a i c ’  f r  u - I t ’~~I ‘ J ~~ u ’ r  ic  H jr , , i r t m n s  l ’ ,- L-54 ’d on reac t ion w i t h  h y d r o x y l
r a d i c i l  . Environ. Set . T~’chno 1 u - u -  II) , h92—~~Q6.

D o w t y ,  B . J . ,  D . R .  ( a r l i s l e  and JJ  - L a s t - t e r .  ( 1975 )  New O r l e a n s  1)r in k in g
W a t e r  So ii r &-’~ Te s t m J  by H i s  Chromato graphy — Mass Spectrometry . Environ.
Sci . e c hn e ]  u - u -  ‘4, 7~’ 2 — 7 65.

Duc e , R . A . ,  J . G .  ( ,h i l r r n  a nd T . I . .  Wau Iu - . ( 1 9 7 k )  R e s i d e n c e  t i m e  of Non—Methane
H v d r ’ ar ; n i -  10 t L u - j \ t i I  ~~l ? I , ’ t u ’ u- ~-ia r .  P o l l .  B u l l . ,  5 , 5 9— 6 1 .

Du c’c,  R u - A .  ( 19 77 )  S p e c u l i t  ~~~~ on t Stidget of P a r t  I cu l at e  and Vapor Phase
Or g a n i c -  Carbon  i n  t h , Gloh t I T t ’ ) p I I Sp l l e  r i - u- P r e p a r e d  f o r  the  I n t e r n a t i o n a l
Sympo sium on the I r i f 1 uence  of t i l t ’  B io sphe re  upon t he  Atmosphere 5 Ma inz ,

D t i u r s m a , E . K .  ( 19 6 1 )  D l s s c i l v e d  or g a n i c  carbon , nitrogen and phosphorus in
the sea. N ’therl . J. Sea Pt - s ., 1 , 1—147.

Emery, K.0. (197,? ) A Co;istal Pond Studied by Oceanographic Methods.
American Llse v i er Publishing Company , Inc., New York. 80 pp.

Ent- rgy Reeoii rces Company, I n c . (197?) New England OCS En~iironmental Benchamrk
s o n t u -’i c ’t  N u . AA5SO— CT6—51 . 1 . 1 . A lpert , program manager. Submitted to:
R i i r ” a - i  i f  Land Management, Department of the Interior , Room 2451 ,
W is h I op ton , f l u -  C

(-

-. 4 - u-57u- ~~~~~~ - ~~a!u-
~u-~~~~ u-, vu-’ , - ‘-- ‘~ u-u- — 5,- - - - —-—— ----~~~-. — - ‘ -  — -‘ — -.— - -



I—

Fen l c a l , W . . J . J.  S i m s , R . M .  Wing and P .C .  R a d l i c k .  (1972)  Zonar en e , a
sesqulterpen&’ from the brown seaweed Dictyopteris zonarloides. Phyto—
chemistry , 11 , 11 61— 1 1 63.

Fenical , 11. (1975) Halogenation in t h e  R h o d o p h y t a .  A Review . J .  P h y c o l . ,
11(3) , 245—259.

Field , F.H. (l°h8) Chemical ionization mass spectrometry . VIII . A l k e n e s
and Alkyne i-i . J. Amer. Chem . Soc., 90(21) , 5649—5656.

Fish , C.J. (1925) Seasonal distribution of the plankton of the Woods Hole
Reg ion. Bull. Bureau of Fisheries , 41, 91—179.

Fi sher , N .S. and R u - P .  Schwarzenhach .  (1978) Fatty acid dynamics in Thalas—
u-siosira pseudonanna (Bacillariophyceae) : Implications for physiological
ecology . J. Phycol. 14(2), 143—150 .

F r a n k , D .J ., W . Sackett , R. Hall and A. Fredericks . (1970) Methane , ethane
and propane  c o n c e n t r a t i o n s  in t he  Gu l f  of Mexico .  Am. Assoc . P e t r o l .
(c-el. Bull., 54 , 1933—1938 .

‘ Cagos i an , Ru - B. (1975) Sterols in the western North Atlantic Ocean . Geochim .
Cosmochim . Acta , 39, 1443—1454 .

Cago sian , R u - B .  (1976) A detailed vertical profile of sterols in the Sargasso
Sea . Limnol. Oceanogr., 21, 702—710.

Gard ner , W .D. (1977) Incomplete extraction of rapidly settling particles
from water samplers. Limnol. Oceanogr., 22 , 764—768.

Garre tt , W.D. and V .M. Smagin. (1976) DetermInation of the atmospheric
condition of petroleum hydrocarbons to the ocean . Special Environmental
Report No.  6. World  M e t e o r o l o gic a l  O r g a n i z a t i o n . 27 pp .

I;i ger , W . (1977) Inventory of Organic Gases and Volatiles in the Marine
Environment. Marine Chemistry , 5, 429—442.

Grob , K . and C. Grab. (1971) Gas—liquid Chromatographic — Mass Spectrometric
Investigation of C6—C 20 Organic Compounds in an Urban Atmosphere . An
Appl ication of Ultra Trace Analysis on Capillary Columns. 1 . Chromatogr .,
(2 , 1—13 .

Grob , K. (1973) Organic Substances in Potable Water and in its Precursor.
art I. Methods for their Determination by Gas—liquid Chromatography .

J. Chromatogr., 84 , 755—273.

( ;r i - h , K.  and G. Grob.  (1974) Org anIc  substances  in p o t a b l e  wa te r  ~nd in
its precursor . Part II. App lications in the area of Zurich. 3.
Chromatogr ., 90, 103—313.

Friend , J.P. (1973) The Global Sulfur Cycle ’. In : Chemist ~~~ of the Lowe r
A t m o ~~~~~~~~ , S. I. Rasoo l , ed., Plenum Press , New York and London , p p .
177—201.

I - 

~~~~~~~~~~~~~~~~~~~~~~ 
,
~ ~~~~ 

‘ u -u- 

~~~

‘u-’• ‘0” ~~~~ k ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ 4~~ - ’ ~~~~~~~~~A’5u-~ , ‘*5w u-u- ‘ ~~~~ 5,,’. 
- - ~~ 

—



~_ 2 i  ‘, -

Gr ab , K. and F. Ziircher. (1976) Stripp ing of t rai t- organic substances from
water. Equipment and p r o c e d u re .  3. Chromatogr ., 117 , 285—294 .

Haas , P. (1 ‘435) (1l~ I I .  The liberation of met hy I sul fide by
B i o ch em  1 . ,  2~4 , 1 2 9 7 — 12 9 9 .

Handa , N.  ( 1970)  D i s s o l v e d  and p a r t i cu l a t e  c a r b o h y d r a t e s .  I n :  O r g a n ic
M a t t e r  in N a t u r a l W a t e r s , D . W .  Hood ( e d u - ) ,  I n s t i t ut e  of Marine Science ,
Un iv. of Alaska , Occasional Pub l ication No. 1 , pp .  1 2 9 — 1 5 2 .

H a r vey , G . R .  and W G .  S t e i n hau cr .  (1976)  T r a n s p o r t  p a t h w a y s  of p o ] v c -h l o r i na t e d
b i p h e n yls  i n  A t l a n t i c  w a t e r .  J . Mar ine  R e s . ,  34 , 5 6 1 — 5 7 5 .

Hasler , A .D. and W . J .  ~~i sby .  (1951) Discrimination of s t ream odors  by  fj ~~hc ’s
and relation to parent stream behavior . Amer. Naturalist , 85 , 223—238.

H i t c h c o c k , Cu-u - L u -  (1977) The concen t ra t ion  of p a r t i c u l a t e  c a r b o h y d ra t e  in  a
reg ion of t h e  West  A f r i c a  u p w e l l i n g  zone dur ing  March , 10 7 4 .  1~~ f ’ I ’ ~~~i 1
R e s . ,  24 , 83— 93.

H i t e ’ s , R . A .  ( 1 9 7 7 )  Th e a n a l y s i s  of o r g a n i c  wa te r  p o l l u t a n t s  by gas  chr m i -
t o g r a p h y  and gas c h r o m a t o g r a p hic  — mass s p e ct r o m et r y .  I n :  Adv . in
C hr o m a t o g r .  V o l .  15 , l u - C .  C i d d in g s , E u -  C rushka , J.  Cazes and  P . R .  Br own
( e d s . ) ,  M a r c e l  l ) t - kkar , I n c . ,  New York , pp .  6 9 — 1 1 2 .

Horning , E u - C .  and M. iL . H o r n i n g . (1971) Huma n Metabolic Pro files ~ht airit-d
by CC and CC/MS . J .  Ch r o m a t o g r .  S ci . ,  9,  129—140.

Ich ikawa , N . ,  Y .  N a\’ a and S. Enomoto .  (1974)  New h a l o g e - n - i t e d  m o n o t - r p ” n i - s
f rom D e sm i a  (Chondrococcus) hornemanni . Chem . Lett ., 133 1— 1 3t h .

I l i f i t - , F . M .  and J . A .  ( a I c I e ’ r .  (1974)  Disso lved  hydrocarbons  in the t a s t t ’ r n
Gulf of Mt x ico Loop i - i i r r en t  and the Caribbean Sea. Deep—Sea Re u - u -  ‘ i
6 3 1— -’,??

,Jadhav , S., B. Singh and 0. Salunkhe . (1972) Metabolism of u n s a t u r a te d
f a t t y  a c i d s  in tomato fruit: Linoleic and linolenic acids as precursors
of h exana l . P l a n t  Ccl I Phys’iol . , 13 , 4 4 9 — 4 5 9 .

Ja c- n i c k e , L u -  D . C .  M u l h ’r  and R . E .  Mo ore .  ( 1974) M t i l t i f i d e n e  and A u c a n t e n e ,
C 11 Hy d r oc ar b o n s  in the  M a l e — A t t r a c t i n g  Essential 011 f rom the  Gynogametes
of Crit]t ’ri~i mu ltif ida (Smith) Grey. (Phaeoplivta). J. Amer .  Chem u- S o c . ,
96(10), 3174—3325.

Jeffre y , I,. 0. (l u lf ifi ) li p ¶ ds In Seawater. 3. Amer. Oil Chem . Soc., 41 ,
2 11—2 114

Ko~hi t , i u- H. and  Y. Ishida. (1972) Production of volatile sulfur compounds
I i \ ’  m u ’  roorg’iii I - m ~ • ~r i i i i ’ .  Rev . Microhiol . , 26 , 127—138 .

u- ~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~~~~ 
-
~~ 

-
~~ . - , 5,..



— 2 h i  -

Kather, Ru - (1971) Ultra t r ace  a n a l y s i s  of v o l a t i l e -  subs t ances  w i t h  CC pph
range  down to  l0~~~°u-/ .  Ju - Chromatogr. Sc!., 9, 227—235 .

K a n w i s t i e r , J. (1963) L i f e c t  of wind  on CO 2 exchange  ac ross  the si- ;i s u r fa c e .
1 . Ceoph ~’s .  Res . , 68 , 3 9 2 1 — 3 9 2 7 .

Kanw ishe r , J. (1966) P h o t o s y n t h e s i s  and respiration in some seaweeds. In:
Some contemporary studies in marine science , H. Barnes (ed.), A l l en and
I n w i n  L t d . ,  London , pp .  407—420.

Kappe le r , T. ( 1976) Uher  den mikrohiellen Abbau der wasserl~5s1ichen Heiz~il
E L — F r a k t i o n  in Grundwasster . Masters dissertation , ETH , Zurich ,
S w i t z e r l a n d .

Kat’ivam ,i, T. (1958) Chemical Studies on Volatile Constituents of Seaweed
XIII On vola tile constituents of Laminaria ,~~. Bull. Jap . Soc. Sci.
Fisheries , 24(5), 346—354 .

K,i t avani i , T. (1961) Chemica l  S tud ies  on Vola t i l e  C o n s t i t u e n t s  of Al gae — —

XX. P h a r m a c o l o g i c a l  Ac t i on  of V o l a t i l e  Cons t i t uen t s  and Biochemical
S i g n i f i c a n c e  of t h e  Existence of Acrylic Acid . Bull. Japan . Soc. Sci.
F i s h e r i e s , 27 , 58 — 72.  (Japan)

Katayama , T. (1962) Volatile Constituents. In: Physiology and Biochemistry
of Algae , R u -A .  Lewin ( e d . ) ,  pp .  467—472.

K a t t n e r , C u - C .  and U . H .  Brockman . (1978) F a t t y— a c i d  composi t ion  of dissolved
and p a r t i c u l a t e  mat te r  in surface  f i l m s . Marine Chemis t ry ,  6 , 233— 24l u -

K i k uc h i , T . , T. Mimura , Y .  Moriwaki , Mu - Ando and K u - — I .  Negoro . (1974)
M t ’t a b o l i t e s  of a diatom , Synedera rumpens KUtz. Isola ted f r o m  w a t e r
in  Lake Biwa . Identification of odorous compounds , n—hexanal and n—
h e p t an a l , and a n a l y s i s  of f a t t y  a c i d s .  Chem . Pharm . B u l l .  ( T o k oy o ) ,
22 , 9 4 5 — 9 4 9 .

Laflamme , R.E. and R u - A .  Hites . (1978) The global distribution of polyc vclic
a r o m a t i c  hydroca rbons  in recent  s e d i m e n t s .  Ceochim . Cosmoch im Ac ta ,
4 2 , 289 —3 03.

L am on t a g n e , R u - A . ,  J.W. Sw !nnerton and V .3 .  Linnen bom. (1971) Nonequ il ib r ium
of carbon mon oxide and methane at the a i r—sea  i n t e r f a c e .  Ju - Geophys.
Res., 76, 5117—5121 .

l amontagne , R u - A . ,  T .W. Swinnerton and V.3. Linnenbom. (1974) 1C—
4
C hydro-

carbons in the North and South Pacific . Tellus , 25 , 71—77.

I aniontagne , R.\ ., W.D. Smith and •J.W. Swinnerton . (1976) C1—C4 hydrocarbons
and chlorophyll a concentrations in the Equatorial Pacific Ocean. Adv .
C he r n . Ser., 147, 163— 171.

~~~~~ ‘. ~ ~~~ ‘ - r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ..‘~~ ~~~ u- u- ’  ““  - - u-. ~~~~~~ ‘ _____



l,Oe , C. and J .1. Bada. (197”) Am ino acids in Lquit i r ial Pai ’j f I&’ 0 t a t ,

w a t e r .  E a r t h  P l a n .  Sc I . l,ett . , ‘6 , 6 1— 6 8 .

Li  I lick , Lu - (1937) Scasona I S tud i e -s of t li t  - Phy t o p  l a n k  ton O ft We id~ fltt Ic ,
Massachusetts . Biol . Bull. , 71 , 488—501 .

l inne-ubom , V. . I . and J.W. Swinnert on. (1970) 1,o w — m o l e s - u l ; , r  w e i g h t  h y d r o c a r b o n s
and carbon monoxide in seawater. In: D.L’. Hood (ed.), Organic Matter
in Natural Waters , Univer. of Alaska Press , pp. 455—467.

lis s , P .S. and P.C. Slater. (1974) Flux of gases across the air—sea interface.
Na tur e , 247, 181—184.

Lonnemau , W . A . , S . l . .  K o p c z y n s k i , P . C .  D a r l e y  and F .D .  S u t t e r f i e l d .  ( 1 9 7 4 )
H y d r o c a r b o n  compos i t ion  of urban air p o l l u t i o n . Envi ron . Sci .  T e c h n o l . ,
8 ( 3 ),  2 2 9 — 2 3 6 .

lonneman , W .A . , R.L. Sella and u-l u- u-I . Bufalini. (1978)  Ambien t  a i r  hydro-
carbon concentration in Florida . Environ. Sc!. Technol., 12 , 459—463.

Lovelock , J.E. , R u - i .  Maggs and R u - A .  Rasmussen. (1972) Atmospheric dimethyl
sui phid e and the natural sulphur cycle. Nature , 237 ,  452—453.

Lovelock , i.E., R u - i. Maggs and R.J. Wade. (1973) }lalogenated hydrocarbons
in and over the Atlantic. Nature , 241 , 194—196.

Lovelock , Ju -E . (1974) CS2 and the natural sulfhur cycle. Nature , 248,
625—626.

Lovelock , i.E. (1975) Natural halocarhons in the  air and  j i m  t h e  sc ’a .

Nature , 256 , 191—1 94 .

Ma r ot m l i s , P..J . and Au - R u -  Bandy . (1977) E s t i m a t e  of  the  c o n t r i b t i t  i i ’  o f
b lol og i - a l l y  produced d i m et h y l  sul f i d e  to the  g l o b al  su I f u r  cyc  I c ’ .
Sc ie nce , 196 , 647 — 648.

Mathieson , A u - C ., J.W. Shipman , J.R. O ’Shea and Ru - C. Haseulat. (1076)
Seasonal growth and reproduction of estuarine Fucoid algae in ‘vw
England . J. Exp. Mar. Biol. Eco lu - , 25 , 273—284 .

N.i u-’ , W .E. , S.N . Chester , S. P . Cram , B.H. Gump, I’I.S. Hertz, D.P. l’:na c ’iu -n i i
and S.M. Dyszel. (1975) Chromatograpl~ic analysis of i ivdr , ,’ ,tr lii’ns in
marine sediments and seawater. 3. Chromatogru- Sci ., 13 , 53 — L1 0 .

McAul iffe, C. (1966) Solubility in water of parafin , ‘vclopara t in . O l d  in ,
- acetylene , cycloolefin , and aromatic hydrocarbons. 3. l ’ l i v s .  C h e m . ,  70 ,

1267—1275.

McConnell , C., 1’).M. Ferguson and C u - R u -  Pearson. (1975) Chlorinated 1is - d r , i~ -

carbons and the environment . Endeavor , 34 , 13—18.

-.- ‘5 ‘
~~!V~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ - u-u- u-u- - f r  ‘~~ ~~~~~~~~~~~~~~ ,,‘y,’-..~~,_, 

~~ u-,u- ’
~~~

u-. 
-~~ u-u- - — — -~~ —~~~~~~~ - .~~ -—



—2 67—

McMi llan, F.H. and u-LA. King . (1948) Studies on the Wiligerodt Reaction:
VI. A Mechanism for the Primary Thiol Oxidation . J. Amer. Chem. Sc!.,
), /tl’ .3—

Me n z e ]  , D . W .  and J . l l . R y t h e r .  (1970)  D i s t r I b u t i o n  and e v e l  i np  of organic
m a t t e r  in the  o ce an s .  I n :  O r g a n i c  M a t t e r  in N a t u r a l  W a t e r s , D . W .  Hood
( e d . ) ,  I n s t i t u t e  of M a r i n e  S cI e n c e , 0cc . Public . No.  1 , pp .  3 1 — 5 4 .

M i ’ i z e - l , D.W . (1975) P r ln i a rv  p r o d u c t i v i t y , d i s so lved  and p a r t i c u l a t e  organic
m a t t e r , and the  s i tes  of ox ida t ion  of organic  m a t t e r .  I n :  The Sea ,
v o l .  5, E.D. Goldb erg (ed.), pp. 659— 67 8 .

M i l e s , D . H . , N ,V .  Mod y ,  J .P .  Minyard and P u - A .  H e d in .  (1973) C o n s t i t u e n t s
of Marsh Crass: Survey of the  Es sen t i a l  Oils in Juncus roemer ianus u-
Phytoche m u - , 12 , 1399—1404.

Moore , R u - E u -  (1971) B i s — ( 3 — o x o u n d e c y l )  p o l y s ul f i d e s  in P~~c~~y u-~~~!~~~~
u- 

A

J. C. S. Chem . Comm. ,  1971 , 1168— 1169.

Moore , R . E . ,  J. Mistysyn and J.A. Pettus , Jr. (1972)  ( — ) — B i s — ( 3 — a c e t o k v u n d , - s —
5— enyl) disulfide and S—(—)— 3—Acetoxyundec— 5—eny l Thioacetate , Possible
Precursors to Undeca—l ,3,5—tr!enes in ~~~~~~~~~~~‘r i s u -  Ju - C. S. Ch~~n)u-

C o m m . ,  1972 , 326 — 327 .

Moore , R.I ’ u- and C. Yost. (1973) Dihydrotropones from Dictyopteris . 3. C.
S. Chem . Comm., 5, 937—938.

Moore , R u - E u - ,  J.A . Pettus , Jr. and 3. Mistysyn . (1974) Odoriferous C
1

H’u-’drrn-arhons from Hawaiian Dictyopteris. 3. Org . Chem ., 39(15), ~2O1.-
2207.

~-~I ,, ) r i - , -~~u - E .  ( 1 9 7 7 )  Volatile Compounds from Marine Algae. Acc . Chem. Res.,
1 0 ,  4 0— 4 7 .

M u ll e r . f l u - C , . ,  Lu - Jaenicke , Mu -  Donike and 1. Alkintobi. (1971) Sex attractant
in a Brown Alga : Chemical Structure. Science , 171 , 815—817 .

MUller , D.C. and Lu - Jaenicke u- (1973) Fucoserraten , the Female Sex Attra ctant
of F’uu - us S er r a tu s  Lu - (Phaeophyta)u - FEBS Letters , 30(1), 137— 139.

M Uile r , D.C. (1977) Chemical Basis of Sexual Approach in Marine Brown Algae .
rn: Marine Natural Products Chemistry , 0.3. Faulkne r and W.H . Fenica l
(o d s . ) ,  P l e n u m  Press , New York and London , pp .  35 1—360.

Mtird ocr’ , lu-u- u- C. and R u - B .  Angier. (1970) Acetylaranotin. Displacement Reactions
at the Disuiph ide Linkage . Chem. Comm., 1970 , 55.

Mti r r.-iv u- A. J . u- l f ld .1.! . R iley . (1973) Occurrence of some chlorinated alip ha tic
i i -~i l r - a r 1 omc .  in  t h e  environment. Nature , 242 , 37—38 .

.u-u-u-u-u-T 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘u-- ” ~
.‘ u-, u- (4I~ u-u-i?’ - ‘ u-~l~~- ~u-~~u-u- ~~~~~~~~~~~~~~~~~~~~~~ , u-u-. u-,~ u- - - .

~~~~ ~~ 
a_u-u- 

~~~~
‘ u-u-~~ ~. ~~~

- u-~~_,.



N u - A . S .  ( l ~~7 5 u -u-1 ) A i-i -u - ( - i 4 s l n e  Pu t .- nt I i l i ) - t ’ a n  P o l l u t ; m n t s . Ch i -i p t ’ t  1. S u - t i ( h t - t  Ic
~r~ ; m n i c  ( ‘ l i t ’ m l c a l s u -  Washl n gionu - ‘u - C . , PPu- 6 4 ’ — I ’ l l

N . A . S .  ( l s ’1~~t )  I , - ~~j o 1 e um in  tt: c r i a r i n , -  e n v l r i t n m t ’n t . W a , — , I , j i ~~-~~o , i , D . C .

Nationa l Academ of Scien ces (1978) list ’ m n po sp h er i c transport of p O l l I i L l t t t S
and other subs~ an- es I t In ’ ot tan s. Wasis m i t  on , D.C.

Novotny , M . , N .  Lee and K. Bartle. (1974) Some anal”tical u-aspects of t h e
chroma t o g r a p h i c  headspace  c on c ent  r a t  ion ns -  11 01 u s i n g  a porous pol ~n.c r
Chromat  o~’ r a i l j Si , 7, 333—338 .

Pu--arson , C .Ru - a n t  C. M c C o n n e l l  . (1975) Chlorinated C1 and C2 tivdrnc ’arhon s
i n  t h u -  m a r l  nc ’ e n v i r o r i r s i ’n t  . Pr o - Roy . Soc . London , Ser. i~~. , 1~~9 , 3 0 5 — 3 3 2 .

Phillips , R u - C .  (1~~7~ ) Seagrasses and the  C o a s t a l  Ma r ine Environment.
Oceanus , 21(3), tfl-30.

P o c k l fn g t o n , 8. (1971) Fr i-c ’ amino—acids dissolved in North At lantic Oi - t-an
waters. ‘~ tt ur e 230 , i 7 ’~— 3 7 5 .

P o c k i i n g t n i i , 8. (1972) h - t i ’ r m i n : , t  i on  of n a n o m o l a r  q u a n t i t i e s  of f r e e  amino
acids dissolved in North Atl anti c Ocean waters . A n a l .  Bjochem . 4~~,
403—421 .

Powell , R u - A .  and R.P . Adams. (1973) Seasonal Vari ation in the V o l a t i l e
Terpenoids of JI n hi pc’ri!s ,~~ u-~~~i1or um (C~ 2u-~ tssaceae) . Amer. 3. Bot., 60(10),
1041—1050.

Ra~ a , M u - A .  and A. Jensen. (1978) Quantitative S t u d ie s  on Brown Al ga l
Phenol s. II’. Seasonal Variation in Polyphenol Content of As jC~v 1

modusitn (Lu- ) Le Jol . and Fucus vesiculosus (Lu- ). Ju - Exp. Mar. P - j u l .
Ecol., 34 , 245—258 .

Rasmussen , R u - A .  and F.W . W e - n t .  (1965)  V o l a t i l e  O r g a n i c  M - i t er l a l  P l a n t
Origin in t h e  A t m o s p he re .  Proc . Nu-- i t u -  Acad . Sc i . , P.S., 53 , 215—22 0.

Rasmussen , R u - A .  ( 1 9 7 2 )  What  do the Hydrocarbons f r o m  Trees C o n t r i b u t e  tc-
Air Pollution? Ju - Air . Pollution Cont . Assn .. 22 ( 7 ) , 537— ’ 43.

R e i d , Eu - Eu - (1958) Organic Chemistry of Bivalent Hilfur. Chemical P u b l i s h i n g
Co ., Inc ., New York.

R i I ~~ - - , C . A .  (1970) lu - arti ulate organic matt er in ‘s, a~~i t e r u - Adv. N-- - .
Biol., 8, 1—118 .

Ril -y, J .P. and D.A. Segar u- (1970) The seasonal variation of the f r ’ -  and
comb i ned dissolved amino acids In th e - Iri sh Sea . J. M t  B i olu - A son..
U.K. , 50 , 7li—72 0u -

Rol h r . P.. Ku - A u and R u - F .  M o o n - . (1971) Isolation I f  S— ( 3 — o x o u n d e c v l )
th i n,- - t a te , blx—( l ’ - - x o i i , d u - - c ’ y l )  d istil fide. (— )—1— 1texvl— 4 ,S—dith incvcl~ —
hep tanane , and 5— (trans—3— oxoundec— 4—enyl) thioacetate from f l i c t v o~s t c - t i s .
.1. C. S. Chem u- Comm ., 1971, 503—504 .

:ii~ i~ _ u -  

.. 
~ ~u-u-~ ~~~~ ~~~ ~~~ k 

~~~~~~~~~~~~~~~~~~~~~~~~~ r~~~ ‘4?’. ~
u- 

-



— 2  (i h—

Ry tliu -. u -r . J .C. , [LW. Monzel and N . Corwin. (1967) Influence of the- Amazon
River outifow on the ecology of the  western ‘I ropica l Atlantic. I.
h ydrography u-and N u t r i e n t  C h e m i s t r y .  J .  M a r .  R e s . , 2 i , lh — 8 3 .

Sand—Jensen , i~ - 975) Biomass , N e t  P r o d u c t  Ion and Cr o w t l i  Dynamic s In
an - -lgrass ( Z o n t u- - ra marin a L. ) Population In V i i i  t r i l l )  V i g ,  Denmark .
Ophelia , 14 ,

Sakodynskii , K ., L. Panina and N. Klinskaya. (1974) A s t u d y  of some
properti es of Tenax , a porous polymer sorbent. Chromarographia , 7 ,
339— ~~4-. u-

S. iuiu- r , T .C. . Jr. , W.N . Sackett and L u - N .  u-Jeffrey . (1978) V o l — i t l i e  Liquid
i I ’ u - l r o c a r b o n s  In t he  Surface Coastal kat .’-rs of the Gulf of Mexico.
Marine  C h e m . ,  7 , 1— 1 7 .

S c h u l t z , D . M .  and J.C. Quinn . (1977) Suspended material in Narragansett
R a y :  f u -’ 3t t y  ac id and h y d roca rbon  c o m p o s i t i o n .  Organic  G e o c h e m i s t ry ,
1 , 2 7 — 3 6 .

ScI ~—. ~r -z :n h s 1 c h , R u - P . .  R u - H .  Bromund , P u - N . Cschwend and O.C. Zafiriou . (1978)
Volatile Organic Compounds in Coastal Seawater. C’rl’-inic Geochemistry ,
1 , 93— 107.

Scranton , M.I . (1977) The marine geochemi str\- of methane. Ph.D. thesis ,
W}IOI—MIT b l ot program , 251 pp.

Sears , J u - R .  and R.T. W i l c e . (1975) Sublittoral , Benthic Marine Algae of
Southern Cape Cod and Adjacent Islands: Seasonal Periodicitv , A -u - so c i—
ations , Diversity, and Floristic Composition. Ecological Monographs ,

-~~~~~ , 337— t ’5 .

S h ar p  , l u - H .  ( 19 7 3 )  T o t a l  Organic C a r h o n  in Seawatc-r — Compar ison  of
meas -i r i-rieii ts using persui rate oxidation and high t~u-mperature combustion.

~-i,l r. Chem. , , 2 1 1— 2 2 9 .

Simn ite i t . B u - R . ’l. , Ru - Chester and C. Eglinton. 1977.  B iogen ic  l i p id s  in
na rt icu lat es f r o m  the lower atmosphere over the c-astern —‘ctlantic .
Nature . 267 , 682—685 .

Skop intsev , B .A . (1966) Some c onsiderations on the distribution and
s t a t e  of s ) r 5 a n i c  matter in ocean water. Oceanology , 6, 361— 368.

Skoplntsev , B. (1972) On the age of stable organic matter — a q u a t i c  h u m u s
i i  oceanic war i -r s . In: The Changing Chemistry of the Oceans ., N obel

SymposIum 20 , 0. Dryssen and 0. JaCner (eds.), Wiley , New York , London,
pp. 205—207.

S t t z k y ,  I .  a n d  S. Sc h e n c k .  ( 1 9 7 6 )  V o l a t  H e -  O r g a n i c  C o mp i u i n d ~~ and Nicro-
organisms . Critical Reviews in Microbio logy , ( , 333—382.

- ~~~~~~~~~~~~ ‘ “
~ ~~~~~~~ t ’!~~~~~ u- ’i?~~~..~~u-- .u-’ ~s 4~~~~~4 ’Z~~ r ~~i~u-3’u-c,,~ ~~~~~~~~~~~~ .~~ ‘u-u- .,q- u-u- - —- - - 

~~~ - -—  -



Strickland , u - l u - I )  u - I l . i i  2 1 . 8 .  Pa’scns . ( 1  9 7 2 )  A N act ical h ; i i i d i ’ k  of
5;tawater anal ysis. J. F i s h .  Res . Bd. Canada , 1. 67 , 20 1 — 2 03.

So , C .  ( 19 7 6)  Low Molecular Weigh t Halocarbons. In :  S t r a r e g i -s f o r
M u - l r i n e  P o l l u t i o n  M o n i t o r i n g ,  Eu - fl . Goldberg (ed.), u -John W i l e y  and
Sons , Inc., pp. 4 7 — 6 1) .

Sutton , C. and J . A .  C a l d e r .  (7975) S o l ub i l i t y  of ‘l .lk y ] b e n z e n e - ~ in
D i s t i l l e d  Wa te r  and Seawate r  a t  2 5 . 0  C.  ~J.  Chem.  Eng . Data ,
10(3), 2 0 — 2 3 .

Sw itin -rton , ~1 .V. and R u - A .  L a m o n t ag n e .  (1974)  Oceanic  d i s t r i b u t i o n  of
l u w — m o l e c u l a r — s ’ i - i g h t  h d roc arh o n s . E n v i r o n . S d .  and Tec -h no l - , 8 ,
n 5 7 — 6 6 3 u-

‘ii ranishi , R ., T. R. Men , Au - B. Robinson , P. Cary and Lu -  Pauling . (1972)
Gas Chromatography of Volatiles from Breath and Urine . Anal. Cher~.,
44 , 18—2fl .

Fvsol), B .J. , V . A .  N -n e n t  and flu - A. Mooney . (1974) Volatilization of
r erpenes  f r o m  S alv i a  : s s - l l i f e r n u -  N a t u r e , 252 , 119—1 . 20 .

I!l itzur , S. and u - l u - V . H a s t i n g s .  (1978) My r i s t i c  acid s t imul .u-’ ci o n  ~~f

bacterial bioluminescence in “aldehyde” mutants. Proc . Nat. Acad.
S d . , U.S ., 75(1), 2 6 6— 2 6 9 .

Van Wijk , Ru - (1970) lu-he use of poly—para—2 ,6— diphenvl—ph eny lenc- oxide
as a porous  polymer In gas c h r o m a t o g r a p hy .  J. Chromntopr . 8~~1. , 8,
4 18—420 .

Vineyard , B.Du - (1966) Mercaptan—S ul fur Reaction . A lkyl Tris til fides.
1. Org .  Chum . i i , 091 -- tH) 2

W a n g er sk v , l ’ .J .  (1972)  The c y c l e  of o rgan ic  carbon in seawate r .  C h im i a ,
26(11) , -) ) 0 - - i64

Went , F.W. (1960) Organic Matter in the Atmosphere , and its Possible-
R e l a t  ion  to P e t r o l e u m  F o r m a t i o n . Proc . N a t .  Acad .  S c i . ,  U . S . ,  As u-

2 1 2 — 2 2 1 .

Wh itby. Ru -A. and P.R. Coffey . (1977) Measurement of Terpenes and li t er
Organics i n  an  u-~d i rondack  M o u n t a i n  Pine F or e s t  . J. C e op l i v s .  Res
82(37 ) ,  5 92 8— 5934.

Willi ams , P.M. , H. Oeschger and P. Kinney . (1969) Natura l r a d i o i a r h o n
act iv i t y  of t h e  disi-uolvc- d organic carbon In t h e  N o r t h e a s t  Fa r  i l i t
()eean. Nature , 224 , 256—258.

W i lliams , Pu - Mu - (1971) liii distribution and c’~u-e-l in g of organic m a tt i- r in
the  oc t - u- in. In: ~u r~ -i nLc Compounds in Ag tiatlc Fnvi ronme ntu-s , S.D. F: c i st
and  ~l . \  . Hunter teds.), M a r c -i  f lckker , m u ’ . ,  N ew York , pp. 145— 163.

‘~~~u - u -  
~~~~~~u - - - ’  •u- _ u- u-~~•u-, - -

~~~~ ~~~~~ ~ ~~~~~~~~~~~~~~~~~~~~~~~~ - •~~~ u-u-~~~~u-u-, :vu-- ’u-~~ - , ‘~~u-u-~ ~ — ~.

~ 

.. 



u-~~~ ’~~~~~~~~’~’~~~’ ‘ ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :o ~~~~~~~~~~~~ u-u- ~~~u-- -~~ - -

--2 7’ -

~ t i ~~o~~, t ;  . 0 .  ( I n  77) i n c - u i  c u t  (~e mil i tu n I u ’ at  I i ’r i  W i t h  I n  An ) n-u I Sp i - c  [i-s . ii:

( N u c m  L i - t i )  Ec’ o I nn~ , F .  Sond h e )  r n - c  and .J . B. S imeone ( r d s  . ) • p p .  33— ~

h . . H r sp oon , [‘ .4 .  1.1011 L u -  I l000f.  (1969) C o r r e l a t i o n  Ct  di f ~~u siun ciuc- ff i—

d e nt s  for paraffin , aromatic and cycloparaffin hyd roca rbons  in
‘.‘ater. 1. and E u - C .  F u n d a m e n t a l s , 8, 589—591.

Wrattcn , S.J. and  D.J. Faulkner. (1976) Cyclic polysulfides from t h e  red
a lga  Chondria californica . J. Org . Chem . 41(14), 2465—24~ 7.

Ye-nt sch , C u - S .  and J.H. Ryther. (1959) Re lative Significance of the N~- t
Phytoplankton and Naruoplankton in the Waters of V i n e y a r d  Sound .
Journa l do Conseil , 24 , 23 1— 2 38 .

~~ i ) i Jf lg h 1 f l O d  W . V .,  N . Blumer , R u - L u -  Cu i l . iard and F. F io r c .  ( 1971) S a t u r a t e d
and u n s a t u r at e d  hy drocarbons  in marine benthic algaeu- Marine Biology,
8 ( 3 ) ,  190— 201.

Yu unghlood , W .V. and ~~~. B l a m e r .  ( 1 9 7 3 )  Alkanes  and Aiken c-s  in Mar in e -
B e n t h i r  Al gae .  M a r i n e  Biology , 21 , 163—172.

Zu--ifi riou , 0 . C u -  ( 19 7 5 )  Reactions of Methyl Halides with Seawater and
Sarine Aerosols. J. Marine . Res., 33 , 75—81.

7 - o v ar i r l , F . ,  F . U . Cobb , J r . ,  J .  Bergot  and H . W .  Barber .  (1971) V a r i a t i o n  of
the P inus  ~~~~~~~~~~ Needle  Oil w i th  Season and Needle Age . P h y t o c h e m .
3107—3114. 

-‘

Zlatkis , . A , H . A .  Lichtenste in and A. Tishbee . (1973) Concentration and
Ana ly sis of Trace Organics in Gases and Biological Fluids w i t h  a
N o w  Solid A d s o r b e n t .  Chromatograpbia , 6, 67—70.

Zsui~ isty. 4. ( 1973)  It y d r ocarho n and c h l o r o p h y l l :  a c o r r e l a t i o n  in the
ui pw elli ng reg ion off West Africa. Deep—Sea Res., 20, 923—9 25.

‘/,sol nu -av, A. (1977) Hydrocarbo n content and chlorophyll correlation in
the waters between Nova Scotia and the Gulf Stream. Deep—Sea Res.,
24 . 199—207.

Z u t a , S . ,  T. R i v e r a  and 4 .  Bu s t a in a n t e .  (1975)  Hy d r o l o g I c a l aspects of the
main upwe ll.ing areas off Peru . Presented at Third International
Symposium on Upwel ling Ecosystems , Kid , August 25—28 , 1975. Manuscript
by Mesoscal.e Air—Sea Interaction Group , Florida State University .

- ~—u-~-t- ~~~~~~~~~~~~~~~~~~~~~~~~ ~~ , -r u -  ..._ u-u-u- .
~~

_ — -u-S —



MA N DATORY D I S T R I B U T I O N  L I S T

FOR UNCLASSIFIED TECHNICAL REPORTS , R E P R I N T S , AND FINAL REPORTS
PUBLISHED BY OCEANOGRAPHIC CONTRACTORS

OF THE OCEAN S C I E N C E  AND TECHNOLOGY D I V I S I O N
OF THE OFFICE OF NAVA L RESEARCH

(REVISED NOVEMBER 1978)

1 Deputy Unde r Secretary of Defense 12 Defense Documentation Cet
(Research and Advanced Technology ) Came ron Station
Military Assistant for Envi ronmental Science Alexandria , VA 22314
Room 30129 ATTN: DCA
Was hi n gton , D.C. 20301

Comande r
Offi ce of Naval Research Naval Oceanographic Offl i
800 North Quincy Street NSTL Station
Arlin gton , VA 2221 7 Bay St. Louis , MS 39522

3 ATTN : Code 483 1 ATTN : Code 8100
1 ATTN: Code 460 1 ATTN : Code 6000
2 ATTN : 102B 1 ATTN : Code 3300

1 CDR J . C. Har le t t, (USN) 1 NODC /NOAA
ON R Re presen ta t ive  Co~e 0781
Woods Hole Oceanographic Inst. Wisconsin Avenue , N.W.
Woo ds Ho le , MA 02543 Washington , D.C. 20235

Comanding Officer
Naval  Research Laborator y
Washin gton , D.C. 20375

6 ATTN: Librar y, Co de 2627

,1u-
_ 

~~ 
-
~~ 

4.u-i,~~
u- u- “u-”~~~~~~ -- ‘~~~~ ;~-~

-
~ ~~~~

u- - - - -
~~~

- - -. u-~~~~~~~~~~~
u- ..  ~~~~ ‘~~ u-~ ~~~~~ ‘~~~

u- 
~u- ~~~ 

-



-S ,• ~~~~~~~~~~ u- i- .~~~~~~~~~~~~~~~ -~~~~- - ,~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ - u - . .u-~,— .— - .----~~~~~~~ .

S 
-~ :~~-~ ‘

— - - t 
‘ u - ’

u-u

u-u-

I ~~
I j _ u -~~

~

u- 

I

.u- t _ L4- I

-~ I

~~~~~~~~~~~~~~
-u- -u- u - u - :  I - -

_ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  I _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

~~~~~~~~~~~ ~~
i - ~-- :u-

~~ I
I u-~~~~~ +u- P-

1 I

~~~~_~~t i _ ~ ~~~~~~~~~~ ~

I:
I~~I~~~~~ Il ~~ 8 ~I~~~~5 u-~~- ~

I -i I ~ — : ~

- u - u u-~~~~~ 
~~~~~~~~~~ ~~~ 

-
~~ - - .u-.~~~u-.u- . -~~ - - ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~ —~~~- - ~~~

- 
~~~ - u- —


